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CHAPTER 1

The current rate of global energy consumption is 18 TW-year, of which the USA and Europe
are responsible for 40%." Due to industrialization in underdeveloped and developed countries
this consumption will continue to increase. The predicted value for the global energy
consumption is 20 TW-year for 2030 and double that in 2050.> This energy demand is mainly
supplied by fossil fuels, particularly coal; however, use of fossil fuels has a variety of
environmental disadvantages. Even though fossil fuels will be the major source for energy
consumption in the short term, alternatives should be developed.” Among the sources of
alternative energy, solar energy is one of the main candidates, especially considering the
amount of sunlight falling on earth.” In one hour the earth receives an amount of sunlight
equivalent to the total energy consumption by humans in a year.* Therefore, the conversion of
solar energy is considered one of main alternatives to fossil fuels.

I.I Natural to Artificial Systems: Photosynthesis

In nature, solar energy conversion occurs by a process called photosynthesis, where sunlight
is captured and the energy is stored in chemical bonds in organic molecules.”” The estimated
maximum energy efficiency of natural photosynthesis is around 4.5 per cent.™® This low
efficiency is due to several energy loss mechanisms during the whole process. (Figure 1.1)
Firstly, the pigments only absorb a part of the solar spectrum, between 400-700 nm (called as
photosynthetic active region). This limits the efficiency of converting incident solar energy by
more than half. 4.9% of incident solar energy is lost by reflection. In addition, 6.6% of the
incident solar energy is lost as heat when chlorophylls absorb higher-energy photons. This
leads to the formation of higher excited states and this excess energy is dissipated as heat. Of
the remaining energy, a considerable fraction of the total energy is lost during the catalytic
processes (around 28.7%).” In the end, only 4.5% of incident energy from the sun is stored as
chemical energy in biomass.

1000 kJ Energy lost (kJ)

-513 Outside photosynthetically
active spectrum

-49 Reflected

-66 Photochemical inefficiency
-246 Carbonhydrate )
Synthesis / D -19 Catalytic processes

\/

v :
. DBiOMas
| s 46 kJ
Figure 1.1 Minimum energy losses calculated for 1000 kJ of incident solar radiation at each step of

the photosynthetic process from light absorption till the formation of stored chemical energy in
biomass (Adapted from reference 7).



The natural photosynthetic system can be used as an inspiration to construct efficient
artificial energy-converting systems. The key point in natural photosynthesis is the capturing
of sunlight in a large number of chromophores, after which the energy is funneled to a central
location where chemistry takes place. This process can be mimicked by constructing synthetic
multichromophoric systems. These artificial systems should have distinct properties,
including the absorption of a large part of the solar spectrum, and should exhibit similar photo
physical properties. The main processes that should take place in an artificial photosynthetic
system are (1) the absorption of light, (2) transfer of this energy to a central location and (3)
separation of the excited state into electrons and holes that can be used in subsequent
chemical processes.® In order to optimize such artificial light-harvesting systems, a
fundamental understanding of the key photophysical processes that take places is important.
This thesis describes a detailed investigation of these photophysical processes in a new series
of model systems of artificial light harvesting systems that have been specifically designed for
this work.

1.2 Organic Photovoltaic

Organic photovoltaic devices (OPVs) can convert sunlight directly into electricity by using
organic semiconductors that will perform light harvesting and charge transport.” Organic
photovoltaic devices have several critical advantages over current silicon cells since they
potentially are cheaper to produce, have lighter weight and their flexibility can be
advantageous in new applications. '

The solar energy conversion occurs in several steps that are analogous to natural
photosynthesis: light absorption by the active organic material, formation of a bound exciton
(electron-hole pair), diffusion of this exciton to a donor-acceptor interface, the dissociation of
negative and positive charges and the transport of these charges to corresponding electrodes
(Figure 1.2)."

2
-—-i"‘\3
— s 4
LUMO & - [ESNNEE
E e — >
11 LUMO
j 2 cathode
4 HOMo @
wal i HOMO
anode donor acceptor

Donor-acceptor
interface

Figure 1.2 Schematic representation of OPV with (1) formation of excitons by absorption of light (2)
exciton diffusion to the donor-acceptor interface (3) dissociation into charges, (4) collection of charges
by anode and cathode

OPVs can largely be divided in two main architectures. The first one is a so-called
bulk hetero-junction (BHJ) where the two active materials (i.e. n-type and p-type
semiconductors) are blended in one bulk composite.'”” The second is a planar bilayer
architecture where donor and acceptor are in distinct layers on top of each other. For each
organic photovoltaic system, the active organic material should be selected carefully. Both the
donor and the acceptor layer should have a suitable energy band gap and high molar
absorption, a sufficiently high charge carrier mobility.">'*

CHAPTER 1
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1.3 Perylene-based Molecules

OPVs devices consist of two organic materials, one with a low ionization potential that acts as
an electron donor, and other with a high electron affinity acts as the electron acceptor.’” The
choice of the donor and acceptor materials plays a critical role in constructing efficient OPVs.
The optimal choice does not only take into account the electronic properties but depends to a
large extent on issues related to the morphology of BHJ layers.

Fullerenes have for a long time been the material of choice due to their advantageous
properties to produce highly efficient solar cells. However, fullerenes mostly absorb photons
in UV-visible region and their chemical modification is difficult. This limits them to be used
in solar cells as acceptor. An elegant approach to focus on the disadvantages of fullerenes is
to replace them with smaller electron acceptors. These non-fullerene acceptors (NFAs) should
possess matching electron accepting and transport properties. Moreover, compared to
fullerene, they should have better optical properties and improved possibilities for chemical
modification. Perylene-3,4,9,10-tetracarbocylic derivatives are promising candidates in this
respect.”> The primary perylene-based dye was first described in 1912.'° Perylene based dyes
have attracted a lot of attention as they have a high absorption coefficient in the visible region
and they are highly stable.'”?* They have been used in many applications, such as organic
field transistors (OFETs)>°, laser applications **** as well as organic photovoltaic devices.
21,29

Perylene bisimides have a great potential to be used as an acceptor materials in OPVs
since they have a high electron affinity (EA~ 3.9 eV for unsubstituted perylene bisimides,
similar to fullerene acceptors) ">, and they exhibit favorable charge transport properties in
the solid state. Moreover, they can easily be functionalized at different positions, see Figure
1.3°'7?  The main optical characteristics of perylene bisimides are a high absorption
coefficient between 400-600 nm, a ~ 4 ns singlet excited state lifetime and a fluorescence
quantum yield close to unity.”® They exhibit strong yellow-green fluorescence with
pronounced vibronic structure that is a mirror image of the absorption spectrum.''** (Figure
1.4) Functionalized perylene bisimide molecules are also convenient acceptors for use in
fundamental spectroscopic studies of charge and energy transfer because their radical anions
have distinct absorption features in the near-NIR region. Using time resolved spectroscopy it
is easy to determine the rate of formation of the perylene anion by detecting it at these
specific IR absorption wavelengths.®

As mentioned above, a particularly attractive feature of perylene bisimides is that the
conjugated core can easily be functionalized at different positions. This is especially true in
comparison to the more commonly used fullerene-based acceptors. **** As indicated in
Figure 1.3, perylene-based molecules can be substituted at the imide or bay/headland position
for bisimides. For the monoimides an additional position is available for substitution, the peri
position.



Headland

Bay

Headland

Figure 1.3 Structure of perylene monoimide (left), perylene bisimide (right) and their possible
positions to functionalize.
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Figure 1.4 Normalized absorption and emission spectra of perylene-3,4,9,10-tetracarboxylic
tetrabutylester in toluene.

The effect of substitution on the optical and photophysical properties is described in
Chapter 2 of this thesis. Previously, it has been shown that the substitution of various
functional groups on imide position can tune the solubility and the organization in the solid
state,* but has a limited effect on the optoelectronic properties of the isolated molecules. On
the other hand, functionalizing the perylene core at the bay position can significantly alter
these properties.”*"*" Substitution at both positions can be explored to come to optimal
perylene bisimide materials for OPV, in terms of their optoelectronic properties, solubility
and morphology in the solid state.

The versatility of perylene-based molecules in terms of synthesis also makes it easy to
combine them with donor moieties, resulting in donor-acceptor systems (D-A). This approach
is of practical interest but is also used synthesize model systems for fundamental studies of
photophysical processes such as energy and charge transfer.

CHAPTER 1
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1.4 Forster Resonance Energy Transfer

After the excitation of the donor chromophore in D-A systems, the excited state energy can be
transferred to other chromophores by a process called resonance energy transfer, (RET also
called as excitation energy transfer-EET). The most widely known examples of energy
transfer are found in natural light-harvesting antenna systems where it funnels the energy to
the photosynthetic reaction center. *' A very successful theory for RET was suggested by
Theodore Forster in 1948.** Therefore energy transfer for singlet-exited states is often called
Forster Resonance Energy Transfer (FRET). According to the Forster Theory, energy transfer
occurs between an energy donor and an energy acceptor that are separated by a certain
distance.

In the FRET mechanism, energy transfer proceeds by a quantum mechanical coupling
between the electronic transitions on different chromophores.* Photo- excitation of donor (D)
will generate an electronically excited state, D*. Subsequently, the energy can transfer to the
acceptor, forming A*, while D* will decay to its ground state. The excited acceptor A* can
subsequently decay either by fluorescence or by further energy transfer to yet another
chromophore. In the approximation of Forster theory, the rate of energy transfer kprgr is given
by

9k2ctdw

d
kprer = mfFD(w)UA(w)jw (L.1)

where 7 is the refractive index, Fp(w) is the normalized emission spectrum of the donor; 7p«is
the associated radiative decay lifetime; o4( @) is the linear absorption cross-section of the
acceptor; w is an optical frequency in radians per second; and c¢ is the speed of light.
Fp(w) and o4( w) depend on the mutual orientation of the transition dipoles of the donor and
acceptor (Equation 1.2 and Equation 1.3). up and u4 are the magnitudes of the electric
transition dipole moments for excitation of the donor decay and acceptor, respectively. These
transition dipole moments depend on the electronic state wavefunction of donor and acceptor.

(Equation 1.4) The indices m, n, p and r are the generic vibrational levels.***
3 2 2
Fo(w) = 52225, 5 (008 8(Ens = En, — 1) (12)
2 2
oa(@) =225 o5 (0| oSN 8 (Ery = By — 1) (1.3)
tp = Wplulp.) s pa = WPa.lplha) (1.4)

Forster’s theory requires two main factors to have this energy transfer between two
choromophores.*"*** First, the emission spectrum of the donor should overlap with the
absorption spectrum of acceptor. Second, the chromophores should have an orientation and
distance so that the excited state coupling is sufficient. In natural light harvesting systems, the
distance and the alignment of the chromophores are close to optimal to maximize energy
transfer.”’” Artificial systems should satisfy these conditions to perform highly efficient FRET.



1.5 Photo-induced Charge Transfer

Perylene-based molecules are often used as the electron acceptor in charge transfer reactions,
either in the solid state as an individual molecule or as a component in a covalently linked
donor-bridge-acceptor system.'' A schematic representation of photo-induced charge transfer
(PICT) in a donor-acceptor system is given in Figure 1.5.

~ b
LUMO P )

—&— Lumo
Ia —
HOMO —@—&— —o—
@ & owo
D* A D* A

Figure 1.5 Schematic representation of PICT (a) Selectively excitation of the donor chromophore. (b)
Electron transfer from the excited donor chromophore to the acceptor chromophore.

The kinetics of PICT can be described by Marcus theory in which k¢ris dependent on
the driving force, AGcr, the reorganization energy, A, the electronic coupling, V4, between
the initial excited state and the charge-separated state, as seen in Equations 1.5 and 1.6.***
The reorganization energy is the energy required to adjust structures of donor, acceptor
(internal reorganization) and reorganize the solvent molecules around them (external
reorganization) so that charge transfer can take place iso-energetically. The overall quantum
yield of charge transfer depends on the driving force, i.e. the energy difference between (D-
A)* and (D"-A’). When the driving force for charge transfer increases, the activation energy
barrier is lowered and the rate of electron transfer increases up to the reorganization energy.
At some point, AGcr becomes equal to the reorganization energy (A = —4Gcr) resulting the
maximum possible rate of charge transfer. After this point, an additional increase in AG¢r will
increase the energy barrier. Therefore, according to Marcus theory, three feasible regions are
available: the ‘normal’ region (Figure 1.6), where —4Gc¢r < A, the ‘optimal’ region —-4Ger =
A, and the ‘inverted’ region —AGcr > A!! The D-A distance is an important parameter in
determining the charge transfer rate as the electronic coupling Vp,4 exponentially decreases
with the increase in the D-A distance.

_ (aGer+ /1)2]
kes = Vppte w (43ksT)

(1.5)

The driving force (AGcr) of charge-transfer reactions for these D-A type molecules
depends on many factors, including the effect of solvation. According to Rehm-Weller
equation (Equation 1.6), *° the driving force of charge transfer can be related to the reduction
and oxidation potentials of donor and acceptor chromophores (E,; (D) and E,.s (4)). The term
Eyp(4) is the energy of relaxed first singlet excited energy. In this equation, the rpy is the
donor-acceptor distance and & is the dielectric constants of the chosen solvent. When the
donor-acceptor distance increases for any given D-A system, columbic interactions between
donor and acceptor will decrease and charge transfer will become less favorable. When the
solvent polarity increases (&), the charge separation will be more favorable since the charges
can stabilize in polar environments and coulombic interaction is more positive (AG¢s< 0). **

CHAPTER 1
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AGer = ED/D+' — Eg~ja— Eoo — — (1.6)
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Figure 1.6 Schematic representation of Marcus normal region and the relationship between Gibbs free
energy and the reorganization energy.

1.6 Methodology- Transient Absorption Spectroscopy

Transient absorption spectroscopy is a powerful technique to follow the population of
different excited states and charged species over time. Briefly, it is a two pulse technique: a
high-intensity pump pulse is used to excite ground state molecules to an excited state and
subsequently a white light continuum probe pulse to monitor the changes in the optical
absorption spectrum over time. A schematic representation of such a system is given in

Figure 1.7.
Laser pump
Pulse Beam
. Optical
Yb:KGW J Parametric Detector
laser system Amplifier
{\ Sample
Probe
Sapphire Beam
Delay Crystal
Stage

Figure 1.7 Schematic representation of a transient absorption spectroscopy.

Fundamental laser pulses are generated using a Yb:KWG laser (1028 nm) running at 5
kHz with a pulse duration of ~180 fs (PHAROS-SP-05-200, Light Conversion). The majority
of the beam is used as the pump after passing through an optical parametric amplifier (OPA,
ORPHEUS-PO15F5HNPI, Light Conversion), resulting in excitation pulses that are tunable
from 350 nm to 1600 nm. A small fraction of initial laser beam is used to generate the probe
pulse. It is passed through a delay stage that introduces a temporal delay between the pump
and the probe beams. After the delay stage the probe beam is focused on a sapphire crystal
resulting in a white light continuum spectrum. The pump and probe polarization can be



controlled with half wave plates. The angle can be set parallel or perpendicular angle and the
two obtained spectra are averaged to obtain magic angle (= 54.7°) to avoid polarization and
photoselection effects.”’ Both pump and probe beams are focused on the sample and the
transmitted probe light is collected in detector. The collected data is the difference in the
absorption AOD (Equation 1.8) *

AOD = OD pumped —ODunpumped (1 8)

By varying the delay between the pump and probe pulses, spectra are obtained as a
function of the time after the excitation pulse. These spectra represent the difference in the
absorption spectrum with and without the pump pulse. An example of a difference spectrum
at a particular delay is shown in Figure 1.8. Such spectra can contain a number of features at
different wavelengths and these evolve in time. The first type of feature is the ground state
bleach, which appears as a region where the AOD is negative and has the exact same as the
ground state absorption spectrum. This bleach is due to the disappearance of ground state
molecules, when a fraction of molecules is excited to the excited state, the number of
molecules in the ground state is decreased, leading to less ground state absorption. A second
contribution that can occur is the stimulated emission. It occurs when a photon from the probe
pulse induces emission of another photon from the population of excited molecules. This also
appears as a negative AOD signal. A third contribution, one that results in a positive AOD is
called photo-induced absorption. This occurs when photoexcitation leads to a new species that
absorbs at wavelengths that are different than the ground state absorption spectrum. These
species include radical anions and cations, and excited states of chromophores. An example
spectrum of perylene bisimide is given in Figure 1.8.

AOD

-8
500 600 700 800 900
Wavelength (nm)

Figure 1.8 Contributions to a AOD spectrum: ground state absorption (red line), steady state emission
(blue line), sum of these contributions; transient absorption spectra (black line).

After the collection of spectra, valuable information should be subtracted. If there is
one straightforward mechanism that is involved, a single wavelength fitting can give
information about rates of that mechanism. On the other hand, more complex analysis should
be performed for the information on possible mechanisms between species that are products
after each photophysical process.

CHAPTER 1
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1.7 Outline of the thesis

In this thesis a detailed study is described on the design principles for artificial light
harvesting antenna systems based on perylene and naphthalene dyes. A variety of new
antenna systems and corresponding model systems are introduced and their photophysical
properties are by steady state and time resolved spectroscopy. Together, these studies give a
detailed insight in the mechanisms of charge and energy transfer in these systems and result in
some design rules for artificial light-harvesting antennas based on perylene dyes.

In Chapter 2, charge transfer from appended donor groups to a variety of perylene
derivatives is studied. The donor groups are either attached to either the peri- or imide-
position. It is shown that by altering the electron donor position and tuning the electron
deficiency of the cores can result in control over the yield of charge transfer. From these
results, valuable insights were obtained for the design of antenna systems in later chapters.

In Chapter 3, five new bi-chromophoric light-harvesting antenna systems are
presented. These consist of blue light absorbing naphthalene mono-imide energy donors and
green light absorbing perylene-3,4,9,10-tetracarboxylic acid energy acceptors. These antenna
systems have a good coverage of solar spectrum between 380-580 nm. The energy transfer
characteristics of these systems were investigated in nonpolar solvent (toluene). Efficient
excitation energy transfer (EET) by the Forster mechanism was observed in all of them.

In Chapter 4, the same antenna systems as described in Chapter 3 are considered but
a more detailed photophysical study is carried out, also including polar solvents (chloroform
and benzonitrile). The photophysics of these antenna systems depends on both the electron
donating strength of the donor and the solvent polarity. In some cases, only energy transfer is
obtained, even in polar solvents. In donor-acceptor combinations where the charge transfer
state is stabilized more, very fast energy transfer (~1ps) is followed by charge transfer on
longer timescales (20-2000 ps) These time scales are similar to natural.

Finally, in Chapter 5, two new light harvesting systems were synthesized where the
donor is attached to imide position of the acceptor, instead of to the bay area as in Chapters 2
and 3. This gave a control over charge transfer in the sense that it is unfavorable in this case.
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2 ® How to Switch On/Off Charge

Transfer With The Substitution of
Perylene Derivatives

This chapter describes a photophysical study of a series of electron donor—acceptor
molecules, in which electron-donating 4-methoxyphenoxy groups are attached to the 1,7-bay
positions of four different perylene tetracarboxylic acid derivatives, namely, perylene
tetraesters 1, perylene monoimide diesters 2, perylene bisimides 3, and perylene
monobenzimidazole monoimides 4. The motivation for this study is to achieve control over
the photoinduced charge-transfer (CT) process in perylene-based systems by altering the
position of electron donor and tuning the electron deficiency of the perylene core.

This chapter is based on D. Inan, R. K. Dubey, N. Westerveld, J. Bleeker, W. F. Jager, and F. C
.Grozema The Journal of Physical Chemistry A 2017 121 (24), 4633-4644
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2.1 Introduction

A good control over photoinduced charge and energy transfer between donor and acceptor
moieties is essential for the development of artificial photosynthesis.”” Important variables,
which dictate the yields and kinetics of these interactions, are excited state and redox
properties of the donor and acceptor components, their relative distance, mutual orientation,
and electronic coupling.®'" During the past three decades, molecular assemblies consisting of
light harvesting chromophores, charge-separators, and catalysts have been designed and
studied to gain a better understanding of the photochemistry and photophysics involved in
these systems.'>'* Such assemblies are of prime importance because of their ability to mimic
the natural photosynthetic process and to convert sunlight into fuel.

Several chromophores have been tested as integrative building blocks for light
harvesting and charge-separation. Perylene tetracarboxylic acid derivatives, of which perylene
bisimides (PBIs) are the best known representatives, are particularly attractive chromophores
due to their exceptional photo-chemical stability, high electron deficiency, strong absorption
in the visible region of the solar spectrum, and possibility to further tune their photophysical
properties by structural modifications.">'® Taking advantage of high photochemical
robustness and strong absorption, various light-harvesting antenna systems have been
prepared using perylene tetracarboxylic acid derivatives as the active chromophore.'"'""
However, due to the high electron deficiency of the perylene core, charge-separation has been
commonly observed when these compounds are covalently coupled even with moderately
electron-rich donors.'**’

Perylene tetracarboxylic acid derivatives (mostly PBIs) are also attractive components
of charge separators, and for this application, their high electron deficiency is highly
beneficial. In the past, many separate studies on perylene based donor-acceptor systems have
been carried out.””** These studies have revealed that the efficiency and kinetics of charge
transfer (CT) are highly sensitive to even small structural variations. In a recent study on PBI
based isoelectronic donor-bridge-acceptor compounds, we have shown that small changes in
the molecular bridge have a large impact on the dynamics of charge separation.” In another
recent study, Shoer et al. have observed that the charge separation can be an order of
magnitude faster for systems in which donors are connected to the ortho (or headland)
positions of the perylene core as compared to the imide position.*®

Another recent study by Pagoaga et al. reported strong fluorescence quenching
ascribed to charge separation, for PBIs bearing 4-methoxybenzene substituents as electron
donors at various bay positions.”’ Preceding work by Flamigni ef al. on non-bay substituted
PBIs, bearing mono-, di- and trimethoxy-benzene at the imide-position, has revealed that CT
rates strongly correlate with the redox properties of the methoxybenzene and the positioning
of the methoxy group.”® A comparison between efficiency of CT and the positioning of the
electron donors cannot be made from these studies, because 1,7-bay substitution decreases the
reduction potential of the perylene acceptor, i.e. makes the perylene core less electron
deficient."” Therefore, there is still a need for a comprehensive study to understand the
kinetics of charge transfer towards perylenes as a function of the position at which the
electron donating substituents are attached. So that perylene-containing devices can be
designed in which the perylene derivatives serve a well-defined role of energy acceptor or
donor in a light harvesting antenna and that of electron acceptor in a charge-separating unit.



In this work, we report on the design, the synthesis, and the photo physical properties
of a series of perylene-3,4,9,10-tetracarboxylic acid derivatives bearing either 4-
methoxyphenoxy or 4-methoxyphenyl groups as electron donors. The choice of these groups
as electron donors is based on reports in which facile CT was observed upon photoexcitation
of perylene bisimides bearing methoxyphenyl groups as electron donors.””** In this study, the
electrochemical and optical properties of the perylene core were also systematically tuned by
the modifications at the peri-positions. For the photophysical characterization of our
compounds, steady state and time-resolved spectroscopic studies were carried out in solvents
of different polarity. In these compounds, the strong fluorescence of the perylene moiety has
been quenched to different extent by electron donating groups attached to the perylene core at
different positions. The aim of this work is to establish a relation between molecular structure
and the extent of fluorescence quenching observed for these molecules in solvents of different
polarity. We ascribe this fluorescence quenching to photoinduced CT, and assume that the
positions from which quenching is efficient are the appropriate positions to attach electron
donors and achieve efficient charge separation. Finally, the obtained experimental results are
rationalized by computational calculations based on time dependent density functional theory.
(TD-DFT)
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2.2 Results and Discussion

2.2.1 Electrochemical Studies
The redox properties of compounds 1-4 were investigated by cyclic voltammetry in

dichloromethane. The obtained redox potentials (V vs Fc/Fc') for these molecules are
summarized in Table 2.1.

As shown in Table 2.1, the redox properties of the molecules change significantly if
the substitution at the peri-positions is altered. When the groups attached to peri positions
become more electron withdrawing (e.g., from tetraester to monoimide), the redox potentials
of the compounds become more positive.”**° This clearly shows that molecules have higher
electron affinities going from compound 1 to 2 to 3, which makes them better electron
acceptors. From the data in Table 2.1, it is clearly seen that the perylene tetracarboxylic
derivatives 3 and 4 are rather similar as far as their electronic properties are concerned. This
implies that the imide and benzimidazole groups are electrochemically equivalent.” Finally, it
is apparent that attaching different phenoxy groups at the bay positions does not result in
notably different redox potentials. This indicates the absence of significant interaction
between these groups in the ground state.

Table 2.1 First redox potentials of perylene derivatives (V vs. Fc/Fc") obtained by cyclic voltammetry
in CH2C12

Compound E1/2 ox E1/2red
1 - -1.55
la +0.84 -3
1b +0.82 —a
2a +0.95 -1.38b
2b +0.94 -1.38
2c +0.97 -1.33
3a +1.05 -1.11
3b +1.04 -1.10
3c +1.06 -1.09
4a +1.01 -1.06
4b +1.02 —c

*No reduction potential was observed. Irreversible. *Not detectable.

2.2.2 Steady State Absorption Studies
The absorption spectra of compounds 1-4, in chloroform, are shown in Figure 2.2 and the

relevant data, in toluene, chloroform, and acetonitrile (or benzonitrile), are given in Table 2.2.
All compounds are readily soluble in toluene and chloroform. However, the solubility in polar
and weakly polarizable acetonitrile was much lower. Especially, the compounds 4a and 4b
were insoluble in this solvent. At low solubility, perylene derivatives tend to aggregate.’’ This
aggregation alters the optical properties and optoelectronic performances. In general, spectral



broadening and shifts in absorption and emission spectra, along with fluorescence quenching,
are the common signatures of this aggregation.*>*> Therefore, in order to preclude spectral

changes caused by aggregation, benzonitrile was used as a polar solvent for compounds 3 and
4.
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Figure 2.2 The normalized UV/Vis absorption (Left) and emission spectra (Right) of the compounds
1—4b in chloroform.

The absorption spectra of all donor-substituted compounds (1b-4b) are characterized
by a strong absorption band at longer wavelengths (425—625 nm), and a weaker absorption
band at shorter wavelengths (Figure 2.2). As shown previously in literature, bay substitution
leads to a disappearance of the pronounced vibronic structure observed for perylenes without
bay substitution. This is accompanied by a bathochromic shift of the absorption bands.**
When the size of the m-system increased, that is going from compounds 1 to 2 to 3 and 4, the
molar extinction coefficient increases gradually and the absorption maxima shift to longer
wavelengths. When the bay substituent attached to the perylene core from tert-butylphenoxy
to 4-methyoxyphenoxy is changed, small 5 nm red shifts are observed. The influence of
solvent polarity on the absorption maxima is rather modest. Positive solvatochromism, a red
shift in absorption upon increasing the solvent polarity, was observed, in particular for
compounds with more electron deficient perylene cores, but these spectral shifts do not
exceed 15 nm.

2.2.3 Steady State and Time Resolved Emission Studies

The emission spectra of compounds 1-4 roughly resemble the mirror images of the
corresponding absorption spectra (Figure 2.2). The positions of the emission wavelengths
exhibit the same trend as those of the absorption maxima (Table 2.2). While the effects of
changing the bay-substituents and solvent polarity on the emission wavelengths of these
perylene compounds are modest, the emission intensities, quantified by their fluorescence
quantum yields (®g), are extremely sensitive to these parameters. Fluorescence quantum
yields close to unity with fluorescence lifetimes (tr) in the 4—5 ns range are observed for
compounds bearing the non-electron donating tert-butylphenoxy substituents at the bay
positions (compounds 1a—4a, Table 2.2).** These fluorescent properties are similar to those
of non-bay substituted perylenes, i.e. no significant fluorescence quenching occurs from the
4-tert-butylphenoxy substituents. It should be noted that the high fluorescence of compound
4a in toluene is remarkable, because fluorescence quantum yields of perylene benzimidazoles
are, in general, substantially lower as compared to perylene bisimides.”
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For the compounds bearing the electron donating 4-methoxyphenoxy substituents at
the bay positions (compounds 1b—4b), fluorescence quantum yields gradually decreased with
the increase in solvent polarity and electron deficiency of the perylene core. The effect of
solvent polarity is clearly illustrated by compound 2b that has strong fluorescence in toluene
(®r= 0.75), but shows negligible fluorescence in acetonitrile (®r= 0.03). The effect of the
increased electron deficiency of the perylene core is clearly illustrated by the weak
fluorescence found for compound 3b in all solvents. These observations suggest that
quenching of perylene fluorescence in these compounds is induced by photoinduced CT,

although other quenching mechanisms cannot be excluded.*
Table 2.2 Optical properties of compounds in toluene, chloroform, acetonitrile/benzonitrile.

Compound Solvent Japs(nm) Aem(nm)  EM'em™) @1 7r (ns)"”!
1a toluene 475 515 31500 0.91 4.26
chloroform 475 515 25600 0.84 4.40
acetonitrile 471 512 24800 0.90 4.73
toluene 479 515 24000 0.88 4.25
1b chloroform 478 517 29300 0.81 438
acetonitrile 479 517 33200 0.02 ~0.21'
toluene 515 552 38900 0.85 452
2a chloroform 517 557 36700 0.87 4.82
acetonitrile 512 563 31700 0.90 5.23
toluene 520 555 34300 0.85 434
2b chloroform 522 561 36000 0.32 321
acetonitrile 517 566 34100 0.03 ~0.08°
toluene 513 549 35900 0.93 436
2¢ chloroform 519 563 36900 0.87 4.73
acetonitrile 511 558 34700 0.92 4.69
toluene 543 572 57800 0.94 4.44
3a chloroform 547 578 54200 0.91 4.64
benzonitrile 552 586 54600 0.86 4.47
toluene 549 575 53300 0.19 ~0.711
3b chloroform 551 580 53100 0.04 ~0.43
benzonitrile 561 583 51400 0.01 ~0.12!
toluene 542 572 52500 1.00 3.80
3¢ chloroform 548 577 51000 0.87 3.89
benzonitrile 555 582 50900 0.63 3.30
toluene 578 607 63600 0.71 4.42
4a chloroform 581 614 63700 0.66 431
benzonitrile 584 619 61350 0.70 422
toluene 582 609 63300 0.75 422
4b chloroform 584 616 67600 0.23 245
benzonitrile 591 621 69500 0.04 ~0.43

[@Fluorescence quantum yield. P'Fluorescence life-time. 'Non mono-exponential decay.



To establish whether the quenching depends on the position at which the electron
donating substituent is attached to the perylene core, the optical properties of the bay-
substituted compounds 2b and 3b are compared to the corresponding imide-substituted
compounds 2¢ and 3c¢. The fluorescence of the bay-substituted compounds 2b and 3b is much
weaker compared to the compounds 2¢ and 3c. This is clearly seen by comparing the
fluorescence of compound 2b with that of compound 2¢. While the fluorescence of 2b
strongly decreases upon increasing the solvent polarity, compound 2¢ remains strongly
fluorescent in all solvents. A similar observation is made by comparing the fluorescence of
compounds 3b and 3c. Note that ascribing the differences in photo physical properties
between 2b and 2¢, and 3b and 3¢ solely to the positioning of the electron donor is not
entirely valid. This is mainly due to the fact that the number of electron donating substituents
is different in both cases and the oxidation potential of the 4-methoxyphenoxy bay substituent
is ca. 0.30 V lower than that of the methoxyphenyl imide substituent.”” However, since it has
been previously shown that 4-methoxyphenyl substituents at all bay-positions strongly
quench the fluorescence of PBIs, * it can still be concluded that fluorescence quenching from
bay-position is substantially faster than from imide-position. This conclusion is further
supported by a previous report,*® in which we have observed that the fluorescence quenching
of perylene tetraester by an aniline electron donor is substantially faster from the bay-position
as compared to the peri-position.

Time-resolved fluorescence spectroscopy reveals that the fluorescence of the strongly
emitting compounds, (@r > 0.2), decays mono exponentially. Additionally, the emission of
these compounds is not significantly influenced by the presence of oxygen. Using the
fluorescence quantum yields and the fluorescence lifetimes, the rates of fluorescence and of
non-radiative decay (quenching by CT) were calculated and summarized in Table A.1.
(Appendix A). From this table it is evident that upon increasing the solvent polarity, lifetimes
and rates of fluorescence decrease for all compounds. Rates of fluorescence between 2.5 and
1x10® s have been determined for all compounds and these rates do not appear to be
influenced by the bay substituents. Quenching rates are in the order of 1x10” s for the non-
quenched compounds. For the strongly quenched compounds, rates of quenching (and
fluorescence) cannot be determined accurately because fluorescence decay is no longer mono-
exponential. Nevertheless, CT rates are estimated to be in the order of 1x10° to 1x10'%s™.

2.2.3 Transient Absorption Studies

To investigate the time resolved photophysics in more detail, we have selected two series of
compounds (2a-¢ and 3a-c¢) for which femtosecond pump-probe transient absorption
spectroscopy measurements were performed. In these series, the molecules have different
substitution patterns, near identical absorption spectra and markedly different rates of
fluorescence quenching in polar solvents. The transient absorption spectra were measured in
either acetonitrile (2a-2¢) or benzonitrile (3a-3c¢) using pump wavelengths between 510 and
550 nm. The transient absorption spectra, for compounds 2a and 2b, and 3a and 3b,
immediately after excitation are shown in the inset in Figures 2.3 and 2.4, respectively. These
transient spectra are very similar to previously reported spectra with pronounced excited state
absorption features.'"***>* For the monoimide compounds (2a,b,c) ground state bleaching
below 520 nm, stimulated emission between 520 and 620 nm, and a broad excited state-
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absorption with two maxima near 685 nm and 800 nm are observed. For the bisimide
compounds (3a,b,c) similar induced emission and absorption features are observed but now
the excited state absorptions are shifted to longer wavelengths (710 nm and >900 nm). The
spectra of 2¢ and 3¢ are depicted in Figure A.6 in the Appendix A. It is interesting that the
spectra for compounds 2a and 2b and those of 3a and 3b are indistinguishable, even though
very large differences in the radiative lifetime and fluorescence quantum yields were
observed.

The identical photoinduced absorption spectra immediately after excitation (at 1 ps)
indicate that the nature of the excited states is the same in both cases. However, the lifetimes
of the excited states are much shorter for 2b and 3b than they are for 2a and 3a, respectively.
To determine the lifetime of the singlet-excited state of 2a-2¢ and 3a-3¢ we performed a
global analysis. When we compared the lifetime of the singlet excited state with the
fluorescence lifetime for all compounds in polar solvent, we see that these lifetimes are very
close to the fluorescence lifetimes for all the compounds (Table 2.3).
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Figure 2.3 The kinetic traces at photo-induced absorption (685 nm) of molecules 2a [a] and 2b [b] in
acetonitrile. The transient absorption spectrum immediately after excitation is shown in the inset.
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Figure 2.4 The kinetic traces at photo-induced absorption (775 nm) of molecules 3a [a] and 3b [b] in
benzonitrile. The transient absorption spectrum immediately after excitation is shown in the inset.



Table 2.3 Comparison of the lifetimes of S1 state obtained from the global analysis of transient
spectrum (z74) and fluorescence lifetimes (z¢) obtained from time-resolved emission measurements in
acetonitrile or benzonitrile.

Compound T1A (0S) 7 (ns)
2a 5.23 5.23
2b 0.04 0.08
2 453 4.69
3a 4.51 4.47
3b 0.04 0.12
3¢ 4.81 3.30

The data presented so far are in accordance to the expected photo physical behavior of
2a—2c and 3a—3c. For 2a and 2c¢, a very slow decay of the singlet-excited state is observed on
a nanosecond time scale. Similar lifetimes have been observed by transient absorption and
emission spectroscopy. However, for compound 2b, a 100-fold increased decay rate of the S;
state is observed. Similarly, for 3b, a significantly increased decay rate of the S; state is
observed, which is indicative of the occurrence of a substantially faster decay process. An
explanation that is often invoked for such observations is the formation of a charge-separated
state that is stabilized in polar solvents. The proposed scheme for such a photo physical
behavior is depicted in Figure 2.5.

D-A*-D
/ kCS
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D-A-D

Figure 2.5 Schematic representation of photoinduced processes after photo illumination

Although the initial excited state disappears, it is remarkable that we do not observe
the characteristic absorption spectrum of the perylene radical anion of the CS state
D"—A"—D. For related compounds, CS states have been observed upon excitation,”® but on
some occasions spectroscopic evidence of charge separation is illusive.'””® The absence of a
CS absorption can be explained in a straightforward manner by assuming that charge
recombination is faster than charge separation, which prevents accumulation of the CS state.
For compounds 2b and 3b this implies that charge recombination rates are at least 1x10° to
1x10" s, respectively (Table A.1.)
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2.2.4 Molecular Simulations

To gain more insight of the nature of the initial excited state in the studied compounds, we
have performed density functional theory (DFT) calculations. The excitations of compounds
2a and 2b were calculated by TD-DFT using a DZP basis set consisting of Slater-type
function and a M06-2X exchange-correlation function. All calculations were performed using
the Amsterdam Density Functional (ADF) theory package. The calculated absorption spectra
of compounds 2a and 2b show a strong absorption feature with oscillator strength close to 0.8
at 480 nm (Figure 2.6). In both cases, these absorptions mainly consist of the transition from
highest occupied molecular orbital of perylene (HOMOperyicne) to lowest unoccupied
molecular orbital (LUMOperyiene). The computational transition energies are somewhat higher
than those observed experimentally. This is attributed to the absence of solvent effects in the
calculations that generally shift the absorption bands to lower energy.
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Figure 2.6 Optical excitation of 2a (top) and 2b (bottom) calculated using TD-DFT with DZP/M06-
2X.

In the calculated spectrum of 2a, there is an additional absorption near 345 nm, which
has transition from the HOMO of bay-substituents to the LUMO of perylene core. For 2b,
multiple higher-lying bands are observed between 300—420 nm. All of these bands contain
substantial contributions from the CT transitions from occupied orbitals of the substituents to
the LUMO of the perylene core. These calculations show that for both compounds there is no



clear low-energy CT state present in vacuum. However, it should be noted that the nature of
the excited states is not necessarily the same in solution. First of all, the excited states with
(partial) charge transfer character will be stabilized considerably in highly polar solvents such
as acetonitrile and benzonitrile and, therefore, arise much closer to the local excited state
localized on the perylene core. From the calculations presented here, it can be seen that for 2b
the excited charge separated states are lower in energy than for 2a, which can be understood
in terms of the stronger electron donating character of the substituents in 2b. Second, the
presence of a polar solvent can also change the nature of the excited state considerably after
excitation. This can result in the formation of a CT state that is not present in vacuum.

The results from the molecular simulations are in line with the experimental data
obtained by TA and fluorescence spectroscopy. These experimental data reveal the formation
of identical “locally excited states” for all compounds of the same class, irrespective of the
electron donating substituent attached. Subsequently, fluorescence takes place for compounds
bearing weak donors in all solvents, while strong fluorescence quenching takes place for
compounds bearing strong donors in polar solvents. The fluorescence quenching takes place
by electron transfer from the electron donor to the perylene core. This process is
thermodynamically favored and, from bay-attached electron donors, kinetically allowed. This
charge separation process occurs after the primary excitation process and is therefore not
described by the molecular simulations based on DFT calculations.

2.3 Conclusions

We have synthesized a series of perylene tetracarboxylic acid derivatives, bearing electron
donating 4-methoxyphenoxy groups at 1,7-bay positions and, in two cases, also a 4-
methoxypenyl group at the imide position. Subsequent photophysical characterization of these
compounds revealed the various variables that dictate the charge transfer process in perylene-
based systems; electronic nature of the perylene core, the position of electron donor, and the
solvent polarity. For the perylene tetraester based compound, which has the least electron
deficient perylene core, charge transfer was observed only in polar acetonitrile. Upon moving
to perylene monoimide diester, which has an increased electron deficiency due to presence of
a more electron withdrawing imide group, significant CT is observed already in chloroform.
An efficient charge transfer occurred in both polar and non-polar solvents for the most
electron deficient perylene bisimide based compounds. From transient absorption
spectroscopy and DFT calculations, it has been concluded that charge separation takes place
after local excitation of the perylene core. The kinetics of CT is strongly influenced by the
positioning of the electron-donor on the perylene scaffold. Changing position from “bay” to
“imide” exerted a significantly negative impact on the charge transfer rates. In this way, this
study has revealed that the photoinduced charge transfer process can be precisely tuned in
perylene-based systems by altering the electronic nature of the perylene core, the positioning
of the electron donor, and the solvent polarity.

2.4 Experimental and Computational Methodology

Materials All the reagents utilized in the synthesis were purchased from commercial
suppliers, unless otherwise stated. The DMF used in the synthesis was of anhydrous grade.
Toluene was dried over sodium under an argon atmosphere prior to use. All other solvents
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used in the syntheses were of reagent grade and were used as received from suppliers. The
purification of the products was performed by column chromatography (silica gel 60, mesh
size 0.063—0.200 mm). For all the spectroscopic measurements, spectroscopy grade solvents
were purchased from commercial suppliers and were used as received.

Instrumentation and Characterization The NMR spectra were recorded with 400
MHz pulsed Fourier transform NMR spectrometer in CDCl; at room temperature. The
chemical shifts are quoted relative to TMS. ¢ values are given in parts per million and J
values in Hertz. Electrochemical behavior of the compounds was studied by cyclic
voltammetry in a three-electrode single-compartment cell consisting of a platinum sheet as the
working electrode, Ag wire as the reference electrode, and a Pt wire as the counter electrode
(Scan-rate = 0.5 V/s). Pre-dried CH)Cl, containing 0.1 M tetrabutylammonium
hexafluorophosphate was used as solvent. The measurements were done under continuous
flow of nitrogen. The concentration of the prepared samples was ca. 0.5 mM. Under these
conditions, the ferrocene oxidation was observed at 0.52 V.

Absorption measurements were carried out in Perkin Elmer Lambda 40 UV-Vis
spectrophotometer. Photoluminescence studies were done in SPEX Fluorimeter. Fluorescence
lifetimes were performed with LifeSpec-ps Fluorescence spectrometer with fixed excitation
wavelength of 400 nm. For quantum yield measurements, the formula for optically dilute
solutions was used.*’ Fluorescence quantum yields of compounds 1-2 were determined by
using perylene-3,4,9,10-tetracarboxylic tetrabutylester (¢r = 0.98 in CH,Cl,) as a reference.
Whereas, for compounds 3—4, N,N'-bis(1-hexylheptyl)-perylene bisimide (¢ = 0.99 in
CH,Cl,) was used."!

Pump-probe transient-absorption measurements were performed by using tunable
Yb:KGW laser system consisting of a YB:KGW laser (1028 nm) which operates at 5 kHz
with a pulse duration of <180 fs (PHAROS-SP-06-200 Light Conversion) and an optical
parametric amplifier (ORPHEUS-PO15F5HNP1, Light Conversion). A white light continuum
probe pulse was generated by focusing part of the fundamental 1028 nm from Pharos into a
sapphire crystal. Transient absorption data were collected using a commercial pump-probe
spectrometer, HELIOS (Ultrafast Systems) in the wavelength range 490-910 nm. The
maximum time-delay between the pump and the probe pulse was 3.3 ns. The compounds
were dissolved in spectroscopic grade toluene, chloroform and acetonitrile/benzonitrile and
placed in quartz cuvettes with a 2 mm path length. In order to prevent aggregation and photo
bleaching, the samples were stirred with a magnetic stirrer.

The geometrical and optical properties of the chromophores were investigated by
density functional theory calculations using the Amsterdam Density Functional (ADF)
software package. The geometry of the molecules was optimized using the PBE functional
together with a double-zeta plus polarization (DZP) type basis set consisting of Slater
functions. The optical absorption spectra were calculated by time dependent density
functional (TD-DFT) theory calculations using the M06-2X meta-GGA functional with a
DZP basis set.
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® How To Create Artificial Light

Harvesting Antennas

This chapter gives the synthesis and excited-state dynamics of a series of five bichromophoric
light-harvesting antenna systems, which are capable of efficient harvesting of solar energy in
the spectral range of 350-580 nm. These antenna systems have been synthesized in a modular
fashion by the covalent attachment of blue light absorbing naphthalene monoimide energy
donors to green light absorbing perylene-3,4,9,10-tetracarboxylic acid derived energy
acceptors. The energy donors have been linked at the 1,7-bay-positions of the perylene
derivatives, thus leaving the peri positions free for further functionalization and device
construction. The selection of donor naphthalene derivatives for attachment with perylene
derivatives was based on the effective matching of their respective optical properties to
achieve efficient excitation energy transfer (EET) by the Forster mechanism. A
comprehensive study of the excited-state dynamics, in toluene, revealed quantitative and
ultrafast (ca. 1 ps) intramolecular EET from donor naphthalene chromophores to the acceptor
perylenes in all the studied systems. Electron transfer from the donor naphthalene
chromophores to the acceptor perylenes has not been observed, not even for antenna systems
in which this process is thermodynamically allowed. Due to the combination of an efficient
and fast energy transfer along with broad absorption in the visible region, these antenna
systems are promising materials for solar-to-electric and solar-to-fuel devices.

This chapter is based on R. K. Dubey, D. Inan, S. Sengupta, E. J. R. Sudholter, F. C. Grozema and W.
F.Jager, Chem. Sci., 2016, 7,3517-3532 !
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3.1 Introduction

Conversion of sunlight into more useful forms of energy is the most sustainable and
promising endeavor to tackle the growing global concerns on energy supply and
environmental issues. Solar energy can either be turned directly into electricity using solar
cells or converted to high-energy compounds that can be used as fuel. The latter approach is
reminiscent of natural photosynthesis, which is often used as a source of inspiration to
achieve the so-called artificial photosynthesis.”® The success of both approaches heavily
relies on the ability of artificial devices to harvest the maximum amount of incident light
energy. Therefore, current research efforts largely focus on the efficient harvesting of solar
irradiation, especially between 400 to 920 nm.*”

In the past, a wide range of organic and organometallic chromophores have been
employed as sensitizers in solar-to electric and solar-to-fuel devices, owing to their high
molar absorptivities in the visible region.*'* However, the intense transitions of individual
chromophores are often narrow, which results in poor overlap of their absorption with the
incident solar spectrum. Light-harvesting antenna systems, utilized in natural photosynthesis,
contain large numbers of nearly identical chromophores, which are precisely positioned in a
protein matrix. This approach ensures a high optical density, even for thin layers, but the
spectral coverage from essentially one chromophore is generally poor.”’ Energy transfer
between the individual dye molecules in these systems is extremely fast, in the order of 0.1
ps, and the energy transfer mechanism is generally referred to as quantum coherence.’

Synthetic  light-harvesting antenna systems generally consist of multiple
chromophores with distinct chemical structures and complementary absorption spectra. These
chromophores absorb light below a threshold wavelength and funnel the excitation energy
unidirectionally towards a single chromophore within the array. In these systems, the
excitation energy transfer is generally accomplished by dipole—dipole interactions, commonly
referred to as Forster Resonance Energy Transfer (FRET).'® This approach ensures a large
coverage of the visible spectrum using a less demanding and more straightforward molecular
design.'” Obtaining large optical densities on relatively thin layers is an issue that is generally
tackled by absorbing dye molecules on a structured interface like TiO,, as is the case for well-
known dye-sensitized solar cells (DSCs)."®"’

Artificial light-harvesting (LH) antenna systems are thus an essential building block
for the realization of efficient solar energy conversion.*>?**! In addition to the careful tuning
of the optical properties of the individual chromophores to accomplish fast and efficient
energy transfer, a simple and robust antenna design, synthetic accessibility of the components,
and elimination of competing photo-induced processes are essential elements for the
development of suitable light-harvesting antenna systems that can ultimately be incorporated
into devices.

The choice of the acceptor chromophore in light-harvesting antenna systems
determines the properties of the antenna to a large extent for several reasons. First of all, the
excitation energy of the acceptor determines the upper limit of the spectral range of the
antenna system and thereby the energy content of the photons that are harvested. Secondly,
the stability of the excited state of the acceptor determines, to a large extent, the stability of
the antenna system itself. That is because the energy transfer between the chromophores is
generally faster than the electron transfer that follows, and because of that the excitation



energy resides at the acceptor chromophore for most of the time.”* Antenna systems based on
various energy acceptor chromophores, which are often attached to dendritic scaffolds, have
been reported.”* Recently, the use of bio-based binding platforms,” like DNA** and
sugars,” and the use of hybrid organic—inorganic materials,*® like metal organic frameworks
(MOFs) and periodic mesoporous organosilicas (PMOs), for the construction of light-
harvesting assemblies has been demonstrated. A wide variety of organic chromophores, such
as BODIPY dyes,*” perylene bisimides,”’** and aromatic hydrocarbons, have been employed
for constructing light-harvesting antenna molecules. A particularly attractive chromophore for
the design of such light-harvesting arrays is perylene bisimide (PBI), a molecule that is well-
known for its exceptional photochemical stability, strong and broad absorption in the visible
region, and synthetic versatility.”° Perylene-based antenna molecules carrying various
donors have been reported,’’** along with larger antenna systems in which perylene bisimides
are intermediate energy donors.** In addition, the strong absorption of PBIs has been
successfully utilized to improve the spectral coverage of Cgo.*'>> An unfavorable feature of
PBI dyes is their high electron defiency,” and therefore PBI assemblies tend to undergo
facile charge-separation when PBIs are coupled with even moderately electron-rich
chromophores.® In addition, the strong tendency of PBIs to form mt- 7 aggregates is a severe
limitation that needs to be accounted for in the design of molecular PBI based arrays.57’58 Asa
result, the construction of PBI based light-harvesting arrays requires careful design, with
regard to matching the electrochemical properties of the donor and acceptor chromophores,
the selection of the spacers that connect these units, and the prevention of undesirable
aggregation. Otherwise, electron-transfer processes, which are undesirable within the antenna
system, will compete with the energy transfer.*'**

In this work, we report on the design, synthesis and characterization of a series of
functional, robust, and highly efficient light-harvesting antenna molecules based on perylene-
3,4,9,10-tetracarboxylic acid derivatives. In the design of these molecules we have used a
modular synthetic approach, employing three naphthalene monoimide-derived energy donor
molecules, D1-D3, along with three perylene-3,4,9,10-tetracarboxylic acid derived energy
acceptors; perylene-3,4,9,10-tetrabutylester (A1), perylene-3,4,9,10-monoimide dibutylester
(A2),” and perylene-3,4,9,10-bisimide A3, see Figure 3.1. The recently developed acceptors
Al and A2 have significantly reduced electron deficiencies and increased solubility compared
to PBI (A3). The donor fragments 4-(isopentylthio) naphthalene monoimide (D1), 4-(n-
butylamino) naphthalene monoimide (D2), and 4-(dimethylamino) naphthalene monoimide
(D3) were selected because these molecules are stable, readily accessible, and have
appropriate redox properties to limit electron transfer.****®! Also, these compounds are highly
fluorescent, with emission spectra that strongly overlap with the absorption spectra of the
perylene derivatives, which facilitates efficient excitation energy transfer by the Forster
mechanism. From the nine possible donor—acceptor combinations depicted in the matrix in
Figure 3.1, we have synthesized the antenna molecules D1A1, D1A2, D2A2, D2A3 and
D3A3. In particular, for the “diagonal compounds” D1A1, D2A2 and D3A3, the donor and
acceptor absorptions are expected to be complementary and a broad continuous absorption is
anticipated for these compounds. Also, the best overlap between donor emission and acceptor
absorption, the main prerequisite for efficient Forster energy transfer, is expected for these
“diagonal” compounds. For the other compounds, D1A2 and D2A3, donor absorptions are
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blue-shifted and a “hole” in the absorption spectrum is anticipated. For the remaining
compounds, the donor and acceptor chromophores absorb more or less in the same
wavelength region, and for that reason these compounds have not been synthesized.

For the covalent attachment of donors, we have chosen the phenoxy substitution
approach to achieve a high chemical stability and a rigid well-defined conformation of the
antenna molecules. Also, the phenoxy coupling approach ensured that the donor and acceptor
chromophores are electronically decoupled, which implies that the absorption spectra and the
electrochemical properties of the donor and acceptor fragments are unaffected by the
coupling. This makes the physical properties of these compounds highly predictable and
enables the developments of these antenna molecules by a truly modular approach. A detailed
photophysical characterization of all the antenna systems was carried out using steady-state
and time-resolved spectroscopy, along with cyclic voltammetry, in order to gain a good
understanding of the energy transfer process and the effect of perylene structure modification
on the excited-state dynamics.
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Figure 3.1 The modular design of the light-harvesting antennae based on perylene tetracarboxylic acid
derivatives (A1, A2, and A3) and naphthalene monoimides (D1, D2, D3).
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3.2 Results and Discussion

3.2.1 Electrochemical Studies
The redox properties of the antenna systems and model compounds were investigated using

cyclic voltammetry in dichloromethane. The obtained redox potentials (V vs. Fc/Fc") for the
antenna systems are reported in Table 3.1. For the reference donors ref-D2 and ref-D3, first
oxidation potentials were measured at 0.81 and 0.75 V, respectively (Table B1, Appendix
B). For ref-D1, no oxidation was observed in the measured potential window. The oxidation
potential of ref-D1 is expected to be higher than that of ref-D2, based on the weaker electron
donating nature of the isopentylthio group compared to the butylamino group.®* For all
antenna molecules, the obtained values for the oxidation of D2 and D3 units were similar to



those of the reference compounds ref-D2 and ref-D3 (Table 3.1). Once more, this indicates
the lack of conjugation between the two types of chromophores in the antenna molecules. For
the perylene moieties in the antenna molecules (A1, A2, and A3), first reduction potentials
were obtained at ca. -1.55, -1.33, and -1.08 V, respectively. These values, which are virtually
identical to those measured for the reference compounds ref-Al, ref-A2 and ref-A3, shown
in Table B1, indicate that the electron deficiency significantly increases upon moving from
Al to A3.

For the antenna molecules, the energies of the charge-separated (CS) states, in DCM,
were estimated by calculating the difference between the first oxidation potential of the donor
and the first reduction potential of the acceptor [Ecs = Ejox(D) -Eired(A)]. The energies of the
charge-separated states (D"—A") for antenna systems D2A2, D2A3, and D3A3 are estimated
atca. 2.13, 1.88, and 1.81 eV, respectively. Among these three systems, D2A2 has the highest
energy of the CS states, which is due to the higher reduction potential of A2 compared to A3.
The energies of the CS states could not be estimated for systems D1A1 and D1A2 because no
redox activity for D1 has been observed. However, in view of the weaker electron-donating
capability of D1, the CS states of D1A1 and D1A2 should have values that are significantly
higher than the 2.13 eV estimated for D2A2. The data in Table 3.1 clearly indicate that the
energies of the charge-separated states of D2A2, D2A3 and D3A3 are below those of the
singlet excited acceptor state. Therefore photo-induced electron transfer is a
thermodynamically allowed process for these compounds in dichloromethane. In apolar
toluene, the CS states of all antenna systems should be around 0.20-0.30 eV higher than the
corresponding values estimated for DCM.*"*** This implies that in toluene, the CS states in
most of the antenna systems will be of approximately the same value (or even higher) than
that of the first singlet excited state of the respective perylene component, and no
photoinduced electron transfer is expected to occur. However, for antenna molecules
containing A3, in particular antenna molecule D3A3, photoinduced electron transfer from the
singlet acceptor excited state of the acceptor is an energetically favorable process.
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Table 3. 1 Electrochemical properties of the antenna systems (V vs. Fc/Fc") obtained using cyclic
voltammetry in CH,Cl,"

Naphthalimide Perylene Ecs (D'-A")? AGcs*
Ei20x Es" (eV) Eipred E5“(eV) InDCM (eV) InDCM (eV)
Compound
D1A1 —f 2.80 -1.55% 241 >2.13 -
D1A2 —f 2.80 -1.34 2.37 >2.13 -
D2A2 +0.80 2.60 -1.33 2.35 2.13 0.22
D2A3 +0.79 2.58 -1.09 2.15 1.88 0.27
D3A3 +0.74 2.58 -1.07 2.15 1,81 0.34

% Scan rate 0.10 V s™. "Energy of the first singlet excited state of the naphthalimide unit calculated
from the absorption and emission measurements. ° Energy of the first singlet excited state of the
perylene moiety obtained electrochemically. ¢ Energy of the lowest charge-separated state. © Driving
force for charge separation with respect to perylene singlet excited state, Eg; - Ecs (D"=A"). " No
oxidation signal was detected in the measured potential window. ¢ Value taken from compound 15.

3.2.2 Steady-state Absorption Studies
The absorption spectra of all the reference compounds and antenna systems in toluene are

shown in Figure 3.2.

The absorption spectra of the reference acceptors (ref-Al, ref-A2, and ref-A3) exhibit
strong absorptions at wavelengths longer than ca. 430 nm. The absorption band shifts to
longer wavelengths by 30—40 nm and the molar absorptivity increases upon going from ref-
Al to ref-A2 to ref-A3 (Table 3.2). The reference donors (ref-D1, ref-D2, and ref-D3)
exhibit absorption at shorter wavelengths in the range of 350-450 nm. Among them, ref-D1
has the most blue-shifted absorption with A, at 383 nm. The absorption of compounds ref-
D2 and ref-D3 are red-shifted by 2040 nm relative to ref-D1. Surprisingly, the absorption of
D3 is not red-shifted compared to that of D2.**%>  The molar absorptivity of donor
molecules is significantly lower compared to those of the acceptors. For that reason, the
antenna systems are designed with two donors linked to a single acceptor.

The absorption spectra of the antenna systems clearly revealed the characteristic
features of both donor and acceptor moieties (Figure 3.2). At shorter wavelengths, absorption
is dominated by the naphthalene chromophores, whereas the absorption at longer wavelengths
originates exclusively from the perylene chromophores. Moreover, the spectra of all the
antenna systems correspond very closely to the sum of the spectra of constituent
chromophores, as can be seen in Figure 3.2.d. These results reflect the absence of any
ground-state interaction between the two chromophores, which can be explained by the
absence of conjugation between them. Notable is the excellent spectral coverage of most
antenna molecules. Most antenna molecules have a high and uninterrupted absorption over a
200 nm wavelength span. Only in the case of compound D1A2, a distinct hole in the
absorption spectrum around 430 nm is observed.



Table 3. 2 Photo-physical properties of the model compounds and antenna systems in toluene

Compound A ans(nm) e M'em™)  Agn(nm) or" " (ms)  Teer (PS)
Ref-D1 383 20 000 447 0.77 5.50 -
Ref-D2 420 15500 489 0.81 8.84 -
Ref-D3 402 12 600 494 0.82 7.86 -
Ref-Al 474 35900 515 0.92 4.56 -
Ref-A2 515 40 800 554 0.95 4.67 -
Ref-A3 543 54 500 576 0.96 4.52 -

D1A1 382 43 400 512 0.93¢ 4.50°¢ 0.99
473 36 300 0.92°

D1A2 386 41 200 551 0.94¢ 4.65°¢ 1.31
512 39000 0.92°

D2A2 421 38 000 553 0.92¢ 4.60°¢ 1.16
514 41 100 0.95°¢

D2A3 421 38 300 572 0.96¢ 4.54°¢ 0.92
539 50300 0.97°¢

D3A3 402 35100 571 0.96¢ 451°¢ 0.87
538 50 900 0.94¢

* Fluorescence quantum yield. b Fluorescence lifetime (Aex = 400 nm).® Lifetime data for energy
transfer obtained from femtosecond transient absorption experiments. ¢ Obtained after selective
excitation of the perylene moiety. ¢ Obtained after predominant excitation of the naphthalene moiety.
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Figure 3.2 UV/Vis absorption spectra in toluene: (a) reference donor and acceptor compounds; (b)
antenna systems D1A1, D2A2 and D3A3; (c) antenna systems D1A2 and D2A3; (d) antenna system
D2A2 with ref-D2 and ref-A2 (note: the spectrum of ref-D2 is multiplied by two).
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3.2.3 Steady-state and Time Resolved Emission Studies
Efficient transfer of excitation energy from the outer naphthalene chromophores to the inner

perylene moiety is a prerequisite for a good light-harvesting antenna system. Therefore, we
first examined the overlap between the donor's emission and acceptor's absorption, which is
an important condition for efficient fluorescence resonance based energy transfer. In all
antenna systems, the donor's emission overlapped strongly with the absorption of perylene
derivatives. For example, the donor compound ref-D2 emits strongly in the range of 450-575
nm and ref-A2 absorbs strongly in the same range as is shown in Figure 3.3.

All the reference acceptor compounds are highly emissive with fluorescence quantum
yields of ca. 0.95 and singlet-state lifetimes around 4.6 ns (Table 3.2). Their emission bands
are red shifted compared to the reference donors as depicted in Figure 3.4.a. The reference
donors also exhibit strong emissions (®¢ > 0.75) with singlet lifetimes in the range of 5.5-8.8
ns.

The fluorescence emission studies of the antenna molecules were performed at two
separate wavelengths to achieve selective excitation of only one chromophore. First, the
perylene moieties were selectively excited at wavelengths higher than 460 nm and their
emission, in terms of intensity and lifetime, was found to be identical to those of reference
acceptors (Figure 3.4.c and Table 3.2). This indicates that the perylene excited state decays
to the ground state exclusively via emission in all antenna molecules.
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Figure 3. 3 Overlap of the emission of ref-D2 with the absorption of ref-A2 in toluene.

Subsequently, the antenna molecules were excited at the absorption maxima of the
naphthalene chromophores in the range of 380—420 nm, to achieve predominant excitation of
the donor chromophores. In these measurements, the emission of the naphthalene
chromophores was found to be completely quenched in all the antennae (Figure 3.4.b). At the
same time, all the antenna molecules produced the characteristic sensitized emission of
perylene moieties with fluorescence quantum yields and lifetimes identical to those of the
reference acceptors (Figure 3.4.d and Table 3.2). These results not only indicate a
quantitative photo-induced energy transfer from the naphthalene moieties to the perylene
chromophores, but also show an absence of other photo-induced processes in these antenna
systems, such as photo-induced electron transfer from the naphthalene to the perylene unit.
This conclusion was further verified by the excitation spectra of the antenna molecules
measured at 600 nm (i.e. at the emission band of the perylene component), which resemble
their absorption spectra within experimental error (Figure 3.5).
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Figure 3.4 Normalized steady-state emission spectra in toluene: (a) the reference compounds; (b) the
antenna systems obtained after excitation at the absorption maxima of the naphthalene moieties. (c)
Excitation at 500 nm; ref-A3 (A =0.16) and D2A3 (A = 0.16). (d) Excitation at 421 nm; ref- A3 (A =
0.04) and D2A3 (A =0.18).
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Figure 3.5 Excitation spectrum of D2A3 (dashed-line) measured at Ao, = 600 nm along with the
absorption spectrum (solid-line) in toluene.

3.2.4 Transient Absorption Studies
Finally, the excited state dynamics of all antenna molecules in toluene was examined on the
femtosecond time-scale to gain insight into the kinetics of the intramolecular photo-induced
energy transfer process. For these measurements, the antenna systems were excited at two
different excitation wavelengths. First, at the absorption maxima of the perylene
chromophores is to achieve an exclusive excitation of the perylene component. And secondly,
at 400 nm, which resulted in the predominant excitation of the donor naphthalene moieties.
Excitation of all the antenna molecules at the perylene absorption maximum resulted
in the instant formation of the first singlet excited state of the perylene acceptor, as illustrated
for antenna D1A2 in Figure 3.6. These perylene singlet excited states are characterized by
their typical features, i.e. strong absorption between 650—850 nm and a bleach of the ground
state absorption at ca. 500 nm,***** as has been reported for perylene bisimides. The
absorption spectra of the singlet excited state of the perylene tetraester A1 and the perylene
monoimide diester A2, which have not been reported previously, are slightly blue shifted
compared to the excited state absorption spectrum of A3 (Figure B.7, Appendix B). No
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changes in the absorption spectra of the perylene excited state at picosecond delay times were
observed. At nanosecond delay times, the magnitude of the time resolved absorption spectra
gradually decreases. This leads to the conclusion that for all antenna molecules, the perylene
excited state decays directly to the ground state via emission from the singlet excited state.

Excitation of the antenna molecules at the donor absorption maxima is illustrated for
antenna D1A2 in Figure 3.6. Immediately after the laser excitation of antenna D1A2 at 400
nm, absorption due to the singlet-excited state of the perylene unit was observed. The
immediate appearance of the perylene singlet excited state can be rationalized based on the
fact that the perylene chromophore also has a limited absorption at the excitation wavelength
(i.e. 400 nm). With the increase in delay times in the range of 0-10 ps, the perylene singlet
excited state absorption increases drastically. At nanosecond delay times the magnitude of the
time resolved absorption spectra gradually decreases, due to stimulated emission from the
acceptor. Similar results were observed for the other antenna systems as well (Figure B.7,
Appendix B).
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Figure 3.6 Time evolution of the femtosecond transient absorption spectra of the antenna system
D1A2 after selective excitation of the perylene chromophore at 515 nm (top left) and after
predominant excitation of the naphthalene chromophore at 400 nm (top right). Kinetics of D1A2 at
820 nm obtained after excitation at 400 and 515 nm (bottom).

The kinetics of the formation of the perylene singlet excited state absorption that was
obtained after the excitation of the antenna molecules at 400 nm, was compared with the one
obtained after the selective excitation of the perylene chromophore at 515 nm, and is
represented in Figure 3.6. These kinetic profiles are consistent with a fast excitation energy



transfer from the naphthalene chromophore to the perylene component and subsequent slow
decay of the perylene singlet excited state to the ground state via emission (or non-radiative
decay). The time constants Tger (as shown in Figure 3.7) for the energy transfer processes
were determined by fitting the curves in Figure 3.6 and B.6 and are compiled in Table 3.2.
All antenna molecules show ultrafast energy transfer with time constants ranging from 0.9 to
1.3 ps. This ultrafast energy transfer is explained by the large values of the overlap integrals
of donor emission and acceptor absorption, and the short distances between the donor and
acceptor moieties in the antenna molecules. For synthetic light-harvesting antenna molecules
containing perylene energy acceptors, energy transfer with significantly longer time constants,
typically in the order of 5-50 ps, have been reported.”>**"* This is most likely due to the
larger D—A distances along with a decreased overlap between the donor emission and
acceptor absorption spectra in these systems. The modest increase in energy transfer rates,
upon going from antenna molecules based on A2 to A3, may be explained by a gradual
increase of the acceptor extinction coefficients in this series.

As far as the occurrence of electron transfer processes are concerned, no spectral
evidence for the formation of the perylene radical anions, which in the case of perylene
bisimides can be easily recognized by their characteristic strong and relatively narrow
absorption at ca. 725 nm,****%“67 has been detected. This observation as such does not fully
exclude the occurrence of photo-induced electron transfer within the antenna molecules. This
is because very small quantities of CT species (<1%) may not be detected by transient
absorption. Also, accumulation of CT states will not occur if the back electron transfer (BET)
to the ground state is faster than the forward photo-induced electron transfer. Nevertheless,
the lack of spectral evidence for photoinduced charge transfer is fully in line with the results
obtained by steady state fluorescence, notably the unaltered lifetimes and fluorescence
quantum yields of the singlet states of the perylene acceptors moieties upon incorporation in
light-harvesting antenna molecules.

3.3 Discussions

We have designed and synthesized a series of five light-harvesting antenna molecules that
exhibit 150 to 200 nm wide strong absorptions in the 350-580 nm wavelength region. For
these compounds the absorption wavelength region is tunable in steps of 30-40 nm. The high
absorption throughout a large part of the visible wavelength region is in contrast to most other
light-harvesting molecules that generally exhibit large differences in the extinction coefficient
within their absorption range. All antenna molecules exhibit the desired photo-physics for
light-harvesting antenna systems, depicted in Figure 3.7; quantitative and ultrafast energy
transfer from the donor excited state towards the acceptor, D*—A to D-A*, no charge transfer
from the acceptor excited state (D-A* to D"™-A™) , and a long lifetime of the acceptor excited
state.
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Figure 3.7 Summary of processes that take place in our antenna systems upon excitation of the
naphthalene chromophore in toluene.

The absence of electron transfer in all antenna molecules that we report here is
remarkable. For example, a structurally similar antenna molecule, in which four 4-
dimethylaminonaphthalimide moieties (similar to D3) were covalently linked to the bay
positions of perylene bisimide using a long and flexible linker, was earlier reported by
Flamigni et al.*' The photophysics of this molecule were investigated in toluene. Energy
transfer from the peripheral naphthalimide donors to the PBI acceptor is relatively slow with
Te1=54 ps and 90% efficient due to competitive electron transfer from the excited naphthalene
unit to the perylene, a process with tcr = 0.6 ns. From the perylene excited state, charge-
transfer to the naphthalene moieties is slower (tcr = 2.1 ns) and in competition with perylene
fluorescence (tr = 6.0 ns). Interestingly, we did not observe any charge-separation in our PBI
based antenna D3A3, which has the same donor and a slightly more electronegative acceptor
chromophore compared to the above-mentioned system. This difference in photoinduced
behavior can only be explained by the different design of the linkers. In our antenna systems,
the rigid structure of the spacer keeps the two acting moieties away from each other, which
reduces the rate of electron transfer. This finding underlines the importance of employing
rigid linkers in the construction of perylene based antenna systems.

Finally, it is worthwhile to evaluate the utility of the reported light-harvesting antenna
molecules for constructing practical devices for photovoltaics or solar fuel generation. In such
devices, fast and efficient energy transfer towards the acceptor should be followed by an
efficient electron transfer from the acceptor excited state towards other components in the
device, to produce either a potential difference for photovoltaics or charged catalysts that
produce a solar fuel. Thus, the basic device requirements for such devices are that the energy
transfer from the donor to the acceptor within the antenna molecule outcompetes other photo-
physical processes from the donor excited state, notably electron transfer from the donor to
the acceptor within the antenna system. In addition, the desired electron transfer processes
starting from the acceptor excited state must outcompete other photo physical processes,
notably electron transfer from the donor towards the acceptor and acceptor fluorescence. In
this perspective it is important to realize that electron transfer processes are strongly enhanced
in polar media, whereas energy transfer for rigid molecules does not depend on solvent
polarity. For our antenna molecules, the energy transfer process from the naphthalene donor



to the perylene acceptor, D*—A to D-A¥*, occurs in approximately 1 ps, which is relatively
fast for a synthetic antenna system, and will be fast enough to outcompete electron transfer
processes. From the acceptor-excited state thus obtained, electron transfer should be the
dominant process. Time constants for the electron transfer from perylene excited states to
good electron donors, *%6%7071
fluorescence lifetimes of our perylene acceptors. In solvents of high polarity, electron transfer
from the naphthalene donor towards the perylene excited state will be thermodynamically
allowed, in particular from the antenna systems based on the electron deficient PDI acceptor
A3. However, it should be a rather straightforward exercise to design the antenna systems,
such that the desired electron transfer process outcompetes electron transfer within the
antenna molecules. Choosing appropriate linkers to limit electron transfer within the antenna
molecules, like the phenoxy linker described herein, and applying acceptors with a decreased
electron affinity, like D1 or D2, are the most obvious design criteria for limiting
intermolecular energy transfer within the antenna.

are typically 2 orders of magnitude below the 4-5 ns

3.4 Conclusions

A series of light-harvesting antenna molecules have been synthesized in a modular fashion,
by a highly efficient covalent attachment of two identical naphthalene chromophores to the
1,7-bay positions of perylene-3,4,9,10-tetracarboxy derivatives. All the antenna molecules
showed an efficient light absorption over a 200 nm wavelength span that is tunable in the
350— 580 nm wavelength region. All antenna molecules exhibit good overlap between the
donor's emission and the acceptor's absorption, which is a prerequisite for an efficient excited
energy transfer (EET) by the Forster mechanism. In toluene, the light harvested by the
naphthalene unit is transferred quantitatively to the perylene chromophore in picosecond
time-scale in all antenna systems. Subsequently, the perylene singlet excited state decays to
the ground state by the exclusive emission of light on a nanosecond time-scale (Figure 3.7).

No signs of photoinduced electron transfer were observed in our antenna molecules,
despite the fact that the estimated energies of the charge-separated states obtained by cyclic
voltammetry indicate that excited state deactivation by electron transfer is thermodynamically
allowed and may already compete with the energy transfer process in apolar solvents like
toluene. Therefore, we conclude that the rigid phenol linker group that is used in our antenna
molecule systems prevents electron transfer in toluene.

In solvents of higher polarity, electron transfer from the energy donor to the energy
acceptor gets increasingly favorable. Therefore, the antenna molecules containing the less
electron deficient energy acceptors Al and A2, are the most promising candidates for the
construction of efficient light harvesting components in light-driven devices. That is the case
because the lowest electron transfer rates within the antenna molecules is expected for these
antenna molecules. Further photophysical characterization of antenna systems in more polar
solvents and their functionalization for the attachment to solid surfaces and molecular
catalysts are currently undertaken in our research group.
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3.5 Experimental Section

Materials All the reagents utilized in the synthesis were purchased from commercial
suppliers and used as received unless otherwise stated. Toluene was dried over sodium under
an argon atmosphere prior to use. NMP used for the reaction was of anhydrous grade.
Purification of the products was performed using column chromatography (silica gel 60, mesh
size 0.063-0.200 mm). TLC plates and the sorbent for the column chromatography were
purchased from commercial suppliers.

Instrumentation and characterization The NMR spectra were recorded with a 400
MHz pulsed Fourier transform NMR spectrometer in either CDCl; or DMSO-d6 at room
temperature. The chemical shift values are given in ppm and J values in Hz. High-resolution
mass spectra were collected on an AccuTOF GCv 4G JMS-T100GCV Mass Spectrometer
(JEOL, Japan). The FD/FI probe (FD/FI) was equipped with an FD Emitter, Carbotec
(Germany), and FD 10 um. Typical measurement conditions were as follows: current rate
51.2 mA min™ over 1.2 min; counter electrode -10 kV; ion source 37 V. The samples were
prepared in dichloromethane.

Electrochemical behavior of the compounds was studied using cyclic voltammetry
(CHI 600D electrochemical analyzer) in a three-electrode single-compartment cell consisting
of a platinum sheet as the working electrode, Ag wire as the reference electrode, and a Pt wire
as the counter electrode (scan rate = 0.10 V s™). The cell was connected to a computer-
controlled potentiostat (CH Instruments Inc. 600D). Pre-dried CH,Cl, containing 0.1 M
tetrabutylammonium hexa-fluorophosphate was used as the solvent. The measurements were
done under continuous flow of nitrogen. The concentration of the prepared samples was ca.
0.5 mM. Under these experimental conditions, the ferrocene oxidation was observed at 0.52
V.

All the spectroscopic measurements were carried out at room temperature. The
emission spectra were corrected for the wavelength response of the detection system.
Fluorescence quantum yields were determined by the comparative method, using perylene-
3,4,9,10-tetracarboxylictetramethyl ester (¢pr= 0.95 in CH,Cl,) as a reference.”” Optical
densities at the excitation wavelengths were maintained at around 0.1 to avoid reabsorption.

Fluorescence lifetime measurements were performed on a Lifespec-ps Fluorescence
spectrometer from Edinburgh Instruments. Samples were placed in 1 cm quartz cuvettes and
their time correlated fluorescence was analyzed by exponential tail fit with F900 Lifespec
software. Transient absorption measurements were performed in a Pharos SP YKGBW Light
Conversion laser, which is sent from 180 fs pulses at 1028 nm and amplified. This main beam
is divided into a highly energetic pump beam and a white light probe beam, which is
generated in a sapphire. The delay between the pump and probe beam can be adjusted up to 3
ns by using a time delay stage consisting of moveable mirrors. The desired wavelength of the
pump beam can be changed by using an optical parametric amplifier (OPA) and an Orpheus
second harmonics module from Light Conversion. The light after the sample (probe beam)
was collected by a Helios detector from Ultrafast Systems. The samples were placed in 2 mm
quartz cuvettes and were stirred with a magnetic stirrer to prevent aggregation.
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. Tailoring Photophysical

Processes of Perylene-Based Light
Harvesting Antenna Systems with
Molecular Structure and Solvent
Polarity

The excited state dynamics of perylene based bichromophoric light harvesting antenna
systems has been systematically tailored by modification of the molecular structure and by
using the solvents of increasing polarity in the series toluene, chloroform and benzonitrile.
The antenna systems consist of blue-light absorbing naphthalene monoimide (NMI) based
energy-donors (D1, D2, and D3) and perylene derived green-light absorbing energy acceptor
moieties, 1,7-perylene-3,4,9,10-tetracarboxylic tetrabutylester (A1), 1,7-perylene-3,4,9,10-
tetracarboxylic monoimide dibutylester (A2), and 1,7-perylene-3,4,9,10-tetracarboxylic
bisimide (A3). The design of these antenna systems is such that they exhibit ultrafast
excitation energy transfer (EET), due to the effective matching of optical properties of the
constituent chromophores. At the same time, electron transfer has been minimized by the use
of a rigid and non-conjugated phenoxy bridge to link the donor and acceptor components. As
a result, all the antenna systems exhibit a quantitative and ultrafast excited energy transfer
(teer ~1 ps) from the donor naphthalene moieties to the acceptor perylenes in all solvents.
The three systems (D1A1, D1A2, and D1A3), which have least electron-rich energy donor
(isopentylthio-substituted NMI, D1), exhibited EET as the only photophysical process and,
resultantly, emit a strong yellow-orange fluorescence upon excitation of the donor. However,
in the other three systems (D2A2, D2A3, and D3A3) with relatively electron-rich energy
donors (amino-substituted NMIs; D2 and D3), a quantitative and ultrafast energy transfer is
followed by a slower (ca. 20-2000 ps) and less efficient charge transfer as the secondary
process. In this way, these antenna systems mimic the primary events occurring in the natural
photosynthesis, ie. energy capture, efficient energy funneling towards the central
chromophore and finally, charge separation. Since the energy transfer and charge transfer
proceed in a sequential manner in these systems, they do not compete with each other. These
antenna systems are suitable for artificial photosynthesis, especially for photocatalytic water
splitting, because of their robustness and favorable photophysical processes.

This chapter is based on D. Inan, R.K. Dubey, W.F. Jager and F.C. Grozema accepted to J.Phys Chem
C
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CHAPTER 4

4.1 Introduction
Artificial light-harvesting antenna systems are key elements for an efficient solar energy

conversion because of their ability to harvest a substantial part of the incident light.'” Their
structural and functional designs are often inspired by nature, most specifically from natural
photosynthesis, in which efficient energy capture, efficient energy funneling to the reaction
center, and charge separation occur in a sequential manner as primary events.”'? Artificial
antenna systems are generally composed of an organized group of chromophores with distinct
chemical structures and complementary absorption spectra to maximize the absorption of
visible light.>'"""* An idealized light-harvesting antenna must enable efficient energy capture
and efficient transfer of excitation energy among the constituent chromophores, so that the
absorbed energy can be efficiently funneled to the reactive site."*'* In order to perform
efficiently, the antenna systems also require a perfect match of electronic properties between
constituent chromophores, so that competing photoinduced processes will be eliminated.

Photoinduced charge transfer is the major process that competes with energy transfer
process.'>'>"7 Therefore, limiting the rate of charge transfer is an important challenge in
designing efficient artificial light harvesting antenna systems. Whether or not charge transfer
processes take place primarily depends on the energy of the charge-separated state relative to
the energies of singlet-excited states of constituent chromophores. Since the energy of charge-
separated state is lower in polar environments, this process becomes more feasible in polar
solvents.'™'” However, rates of charge transfer, apart from the thermodynamic driving force,
also depend on the attachment of the donor chromophores to the acceptor. Consequently, the
major challenges in designing such artificial antenna systems are to keep a good balance of
spectral and electronic properties of the constituting chromophores, and to choose an
appropriate linking strategy with respect to the position and the identity of the linker units
between the donors and the acceptor.

Among suitable chromophores as building blocks for light-harvesting antennae,
perylene bisimides (PBIs) are particularly attractive, due to their high photo-chemical and
thermal stability, ease of functionalization, and strong absorption in the visible region of the
solar spectrum.”**' Taking advantage of these favorable properties, PBIs have been widely
used as the constituent chromophore in light-harvesting antenna systems.'*'>***> However,
due to the high electron deficiency of the perylene core, competing charge transfer has often
been observed among constituent chromophores within these antenna systems, even if PBIs
are covalently coupled with moderately electron-rich energy donors.'*'>"72

Recently, we reported the modular design, synthesis and photo-physical
characterization of five bichromophoric light-harvesting antennae, which were constructed by
the covalent attachment of blue light absorbing naphthalene monoimide energy-donors to
green light absorbing perylene tetracarboxylic acid derived energy acceptors.”’” In addition to
the highly electron deficient PBIs, we introduced the less electron deficient perylene
tetraesters PTEs and perylene monoimide diester PMIDEs as energy acceptors. We
successfully demonstrated that these donor and acceptor molecules possess an excellent
spectral overlap between donor’s emission and acceptor’s absorption spectra, which facilitates
an efficient and ultrafast (tger ~ 1 ps) energy transfer via the FRET mechanism in the antenna
molecules.”” Simultaneously, intramolecular charge transfer was not observed, not even for
PBIs based antenna systems where this process is thermodynamically allowed. All the



reported results, however, were obtained in the apolar solvent toluene, which suppresses
charge transfer processes.”® In artificial photosynthesis, however, charge separation processes
in the reaction center are a prerequisite for performing chemical reactions and therefore it is
of paramount importance to characterize the performance of the antenna systems in polar
solvents as well.

Herein, we report on the effect of solvent polarity on the excited-state dynamics of six
antenna systems composed of naphthylimide donors and perylene 3,4,9,10-tetracarboxylic
acid derived energy donors, named as D1A1, D1A2, D2A2, D1A3, D2A3 and D3A3 (Figure
4.1). We have selected the polar solvents chloroform and benzonitrile, which have dielectric
constants of 4.81 and 25.90, respectively, to complement the results obtained previously in
toluene, which has a dielectric constant of 2.38.%® Steady-state absorption and emission
spectroscopies, time-dependent fluorescence measurements, and femtosecond pump-probe
spectroscopy have been employed to investigate in detail the photo-physical behavior of these
antenna systems. Model donor (D1, D2, D3) and model acceptor (A1, A2, A3) compounds
were also studied under the same experimental setup to characterize the excited states of the
constituent chromophores (Figure C.1, Appendix C). Electrochemical measurements were
performed in order to correlate the rates of photoinduced charge transfer with the energetics
of this process. Finally, the structure property relationships of the antenna molecules, their
molecular design are discussed and evaluated in the framework of their application within
artificial photosynthesis.
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Figure 4.1 The chemical structures of studied light-harvesting antennae based on perylene
tetracarboxylic acid derivatives (A1, A2, and A3) and naphthalene monoimides (D1, D2, D3).
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4.2 Results

4.2.1 Synthesis

The modular synthesis of the antenna molecules D1A1, D1A2, D2A2, D2A3 and D3A3 and
the synthesis of the model compounds D1-D3 and A1-A3 have been reported previously.27
The synthesis of antenna molecule D1A3, is given in Appendix C.

4.2.2 Electrochemical Studies

The redox potentials of the antenna systems and model compounds (V vs. Fc/Fc”) have been
determined by cyclic voltammetry in anhydrous dichloromethane (es= 8.93).” For the antenna
containing acceptors Al, A2 and A3, reduction potentials E.q increase, i.e. become less
negative, from -1.55 to -1.33 to -1.08 V, as the acceptor gets less electron deficient. For the
antenna containing donors D2 and D3, oxidation potentials Eox decrease from 0.80 to 0.75 V,
as the donor gets more electron rich. The oxidation potential of antenna containing D1 could
not be determined experimentally, as it is outside the measured potential window. We have
calculated the ionization energy of the donors, using DFT calculations and obtained values of
7.83, 7.42 and 7.37 eV for D1, D2 and D3, respectively. Based on the differences between
these values, we estimate the oxidation potential of D1 in DCM to be 1.2 eV, and will use this
value in the coming discussion.

Table 4. 1 Energies of charge separation from the excited acceptor, calculated using Eq 4.1.

Comp
AGcs (eV)
In TOL In CHL In DCM In BZN

D1A1 0.43 0.20 0.09 0.05
D1A2 0.26 0.02 -0.08 -0.17
D1A3 0.22 -0.02 -0.12 -0.21
D2A2 -0.14 -0.38 -0.48 -0.57
D2A3 -0.18 -0.42 -0.52 -0.61
D3A3 -0.23 -0.47 -0.57 -0.66

For the antenna systems, the energies of photoinduced charge separation 4G’cs, can be
calculated using the Rehm-Weller expression based on the Born dielectric continuum model,
Equation 4.1: %
2
¢ +62(L+L)(l_i) 4.1)
2r, 2r, e, £,

DA Ss D

AGs =[E, (D)= E, (D] Ey(4) -

In Equation 4.1, E,, (D) and E,.s (4) are the oxidation potential of the donor and the
reduction potential of the acceptor, measured in dichloromethane, while and Eyy (4) is the
spectroscopic excited state energy of the acceptor. In this equation rp and r,4 are the ionic radii
of the donor and acceptor radical ions, 7p, is the donor-acceptor distance, while &.rand & are



the dielectric constants of the reference solvent dichloromethane and the chosen solvent,
respectively. Using the Rehm-Weller equation is a rather crude approximation, as it assumes
the formation of spherical ions and fixed distances for the charges in the charge separated
state. For the ionic radii, rp and r4, values were taken from the li‘[erature,30 and for charge
separation distance, rp, , the minimum distance of 6.4 A was used.

Using Equation 4.1, photoinduced charge separation energies AG’¢s for all antenna
molecules in DCM were calculated. The obtained values indicate that for D1A1, D1A2 and
D1A3 the driving force for charge transfer is negligible, whereas for D2A2, D2A3 and D3A3
the driving force for charge separation is around -0.5 eV (Table 4.1). Therefore,
photoinduced charge separation at appreciable rates is expected for the latter molecules. In
dichloromethane a value of -0.25 eV was calculated for the energy gained by bringing the
charges in close proximity, -e”/rp,&,, using the lowest possible separation distance rp, of 6.4
A. Taking the center to center separation distances of 12 A instead, decreases the value of -
ez/rDAES, to -0.13 eV, and thus increases the energy of charge transfer AG s by 0.12 eV. In
toluene, chloroform and benzonitrile the corresponding increase in 4 GOCS are 0.45, 0.22 and
0.04 eV, respectively.

In apolar toluene, the charge separation energies 4G’cs are ~0.3 eV higher than the
corresponding values estimated for dichloromethane. This means that only for D2A2, D2A3
and D3A3 charge separation from the perylene excited-state is an energetically favorable
process. Spectroscopic studies of these antenna compounds in toluene showed that none of
the antenna molecules exhibited charge transfer from the excited acceptor state. This
observation suggests that calculated values of the driving force for charge separation should
exceed 0.2 eV for obtaining electron transfer at observable rates. In chloroform, charge
separation energies are approximately 0.2 eV lower than in less polar toluene. The values
compiled in Table 4.1 indicate that the energy of charge transfer is strongly negative, around
-0.4 eV, only for D2A2, D2A3 and D3A3. This suggests that charge transfer may be observed
for these antenna molecules. In benzonitrile, charge transfer energies are ~ 0.2 eV lower than
in chloroform. Negative charge transfer energies have been calculated for all antenna
molecules, but strongly negative values, around -0.6 eV, have been calculated for D2A2,
D2A3 and D3A3 only. Taking charge transfer energy of -0.2 eV as the threshold for
observing electron transfer, fast charge transfer is expected for these compounds.

Energies of charge transfer from the excited donor have been calculated as well, and
are compiled in Table C1 in Appendix C. From this table, it is clear that for compounds
D1A3, D2A2, D2A3 and D3A3, these energies are below -0.4 eV in all solvents. Based on
these values, one would expect charge transfer at observable rates from these compounds in
all solvents.

4.2.3 Steady-state Absorption Studies

The absorption spectra of all the reference compounds and antenna systems in benzonitrile are
shown in Figure 4.2. Results obtained in chloroform are presented in Figure C.2.
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Figure 4. 2 UV/Vis absorption spectra in benzonitrile (a) reference donor and acceptor compounds (b)
antenna systems D1A1, D1A2, D2A2 (c) antenna systems D1A3, D2A3, D3A3 (d) comparison of
absorption spectrum of antenna D1A3 with reference compounds.

The donors D1-D3 absorb in the visible region at 380-460 nm. Among them, D1 has
the bluest shifted absorption. The absorption maxima are shifted to higher wavelengths by ca.
15—20 nm upon moving from D1 to D3 to D2 (Table 4.2). In view of the stronger electron-
donating nature of dimethyl-amino group compared to the butylamino group, D3 was
expected to exhibit the most red-shifted absorption, not D2. The absorption spectra of the
acceptors A1-A3 are dominated by the characteristic strong m—n* transitions of the perylene-
3,4,9,10-tetracarboxylic moieties in the region between 430-600 nm.*'*? This absorption
band shifts to longer wavelengths by ca. 40 nm while the molar extinction coefficient
increases strongly, upon moving from Al to A2 to A3 (Table 4.2).**** Upon changing the
solvent from benzonitrile to chloroform, only small blue shifts (5-10 nm) in the absorption
maxima have been observed for both model acceptors and model donors (Table 4.2). This
shows that the solvent polarity does not have a strong influence on the absorption properties
of these molecules.

Most antenna systems exhibit good to excellent spectral coverage between 350—600
nm due to the complementary absorption of energy donor and acceptor chromophores
(Figures 4.2b and ¢). The contributions from donor and acceptor moieties can be easily seen
in the absorption of antenna systems, i.e. the absorption at shorter wavelength is mainly from
the naphthalene moieties, whereas the longer wavelength absorption is from perylene part.
The absorption spectra of all the antenna systems are found to be almost equivalent to the sum
of the absorption spectra of constituent chromophores (Figure 4.2d). This indicates the
absence of ground state interaction between the energy donor and acceptor components,
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which is indeed expected because these chromophores are connected by non-conjugating rigid
aminophenol linkers.
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Table 4. 2 Optical properties of reference compounds and antenna systems in chloroform and benzonitrile.

Compound Solvent Aabs(nM) IS M 'em™ Aem(nm) @, ¢ (ns) !
)
D1 Chloroform 396 20400 449 0.83 5.52
Benzonitrile 400 20600 461 0.66 5.40
D2 Chloroform 427 15800 500 0.98 8.65
Benzonitrile 437 15200 514 0.87 8.29
D3 Chloroform 411 11900 504 0.91 7.78
Benzonitrile 422 11700 516 0.40 4.90
Al Chloroform 477 35800 520 0.90 4.47
Benzonitrile 481 32100 523 0.85 4.25
A2 Chloroform 516 40900 562 0.82 4.73
Benzonitrile 522 37800 573 0.79 4.73
A3 Chloroform 546 55600 580 0.91 4.48
Benzonitrile 553 52900 590 0.86 4.47
D1A1 Chloroform 405 48700 0.73
477 37900 310 0.76 1 4.27
Benzonitrile 402 47100 0.73 [c]
474 36300 316 0.75 4 4.23
D1A2 Chloroform 395 46500 0.83 1
504 44400 338 0.85 4 4.42
. [e]
Benzonitrile 400 42700 s6s ghzgldl 435
520 44200 : :
D2A2 Chloroform le]
441 38000 554 0.83 " 160
505 37800 0.80
Benzonitrile 0.03 '
‘5“2‘3 ggggg 560 0.05" 0.49(40%); 4.25(60%)
D1A3 Chloroform 397 42700 568 0.84!! 3.71
526 49400 0.831
Benzonitrile 398 42600 576 0.70'! 3.05
549 48500 0.6814
[e]
D2A3 Chloroform ‘5‘% 28288 572 8:52 w 1.36(81%); 3.84 (19%)
Benzonitrile [e]
‘5% igigg 578 8:88;’ w  0.17(83%); 3.95 (17%)
D3A3 Chloroform 418 32500 569 0261 0.98(76%); 7.93(24%)
526 50100 0.26 1
Benzonitrile 418 30800 582 0.002 ¢!
550 49000 0.001t  0-21(83%): 4.12(17%)

“ Fluorescence quantum yield © Fluorescence lifetime (Ao =400nm)° Obtained after selective
excitation of the naphthalene moiety. * Obtained after predominant excitation of the perylene moiety.



4.2.4 Steady-state and Time Resolved Emission Studies
Preliminary information regarding the excited-state interaction between naphthalene

monoimide and perylene chromophores was obtained by the steady state and time-resolved
fluorescence spectroscopy. In general, both the naphthalene monoimide and the perylene
model compounds are highly emissive with fluorescence quantum yields ranging from 0.80 to
unity. The fluorescence decay is mono exponential and life-times are usually observed
between 5-8 ns for naphthalene monoimide derivatives and 4—5 ns for perylene based

compounds.”’**
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Figure 4.3 Normalized steady state fluorescence spectra in benzonitrile of (a) model donor and
acceptors (b) Antenna systems D1A1, D1A2, D1A3 after excitation of the naphthalene moiety. (c)
Fluorescence decay time profiles of D1A2 and its model compounds D1 and A2 in benzonitrile (Aex =
400 nm). (d) Excitation spectrum (dashed-line) of D1A2 measured at A, = 650 nm along with the
absorption spectrum (solid-line) in benzonitrile.

The normalized fluorescence spectra of model donor and acceptor compounds in
benzonitrile are given in Figure 4.3a and the fluorescence quantum yields and lifetimes are
summarized in Table 4.2. Model donor compound D1 has the most blue-shifted emission
with a maximum at ca. 460 nm, whereas D3 exhibits the most red-shifted emission spectrum
(Amax = 516 nm). The emission of D2 is very similar to that of D3, slightly blue shifted by a
few nanometers. A blue shift of 10—15 nm occurred for all the model donors upon changing
the solvent to chloroform. All the model donors are highly emissive in chloroform with
fluorescence quantum yields higher than 0.80 and lifetimes between 5.52—8.65 ns.
Benzonitrile slightly reduces the quantum yields and lifetimes of D1 and D2. However, for
D3, the fluorescence quantum yield and lifetime significantly decrease to 0.40 and 4.90 ns,
respectively in benzonitrile.

The emission bands of reference acceptor compounds A1-A3 are red shifted compared
to those of the reference donors (Figure 4.3a). Their fluorescence spectra exhibit a similar
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trend as in the case of absorption, i.e. a red shift is observed upon going from A1 to A2 to A3.
These compounds are highly emissive with fluorescence quantum yields greater than 0.80 and
lifetimes around 4.50 ns. Fluorescence quantum yields are hardly affected by the solvent
polarity for all the model acceptors.

The antenna systems were excited at two different wavelengths in order to perform
emission studies after separate excitation of each chromophore. At first, antenna molecules
were excited at the absorption maxima of the naphthalene chromophores at wavelengths
around 410 nm. The characteristic emission of naphthalene moieties was found to be
completely quenched for all the antenna systems in both solvents (Figure 4.3b). This implies
that the “slow” 5.0-8.5 ns fluorescence of the donor is completely outcompeted by other
photoinduced processes. Energy transfer, which is known to be ultrafast in toluene, is the
most obvious process, but electron transfer from the excited donor to the acceptor cannot be
excluded at this stage.

For the antennae D1A1, D1A2, and D1A3 that contain the electron poor donor D1, the
characteristic sensitized emission of perylene moieties was observed with fluorescence
quantum yields and lifetimes identical to those observed when the antennae are excited at the
acceptor chromophore (ca 510 nm) (Figures 4.3b and 4.3¢c, and Table 4.2). The fluorescence
quantum yields and lifetimes of these antennae were also identical to those of the
corresponding model acceptors A1-A3. These observations can be explained by assuming
quantitative exciton energy transfer (EET) from the donor part, followed by an undisturbed
fluorescence of the acceptor part. This implies that other photoinduced processes, notably
charge transfer processes from the excited donor or the excited acceptor chromophore, do not
take place at competing rates.”’” This is fully in line with the behavior of all antenna systems
in toluene that we reported upon previously. The excitation spectra of D1A1, D1A2, and
D1A3, measured at the perylene emission wavelength of ca. 650 nm, are identical to the
absorption spectra of these compounds within the margin of error (Figure 4.3d). This finding
is indicative of highly efficient energy transfer from the donor to the acceptor.

Different results were obtained for the antenna systems D2A3 and D3A3, which
contain the amino functionalized electron rich donors D2 and D3 along with the electron
deficient PBI acceptor A3. Again, the emission of the naphthalene part was completely
quenched for these antenna systems both in chloroform and benzonitrile (Figure 4.4a).
However, for these compounds the fluorescence of the perylene chromophore was strongly
quenched (Figures 4.4a), not only when the donor was excited but also, and to the same
extent, when the acceptor was excited. These findings indicate that fluorescence of the excited
donor is fully outcompeted by other photoinduced processes, notably exciton energy transfer
from the excited donor to the acceptor. The diminished emission from the excited acceptor
chromophore implies that other quenching processes, most likely electron transfer towards the
excited acceptor (from the donor), take place at competitive rates. And finally, the identical
quantum yields observed upon exciting either the donor or the acceptor chromophore in the
antenna systems, implies that energy transfer from the donor to the acceptor chromophore is
quantitative. This conclusion is confirmed by excitation spectra of D2A3, and D3A3 that
closely resemble the absorption spectra of these compounds (Figure 4.4d),

The quenching of perylene fluorescence was significantly increased upon moving
from chloroform to benzonitrile, for both compounds. For example, the fluorescence quantum



yields of the perylene part in antenna system D2A3 in chloroform and benzonitrile were
obtained as 0.26 and 0.005, respectively, (Table 4.2). Since increasing solvent polarity makes
the charge-separated state thermodynamically more feasible, photoinduced charge transfer
from the excited acceptor is the most likely quenching process.
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Figure 4.4 (a) Comparison between the steady-state emission of D2A3 (A=0.21) and D2 (A=0.21) in
benzonitrile after predominant excitation of donor part at 420 nm (b) Comparison between the steady-
state emission of D2A3 (multiplied with 55 times, A=0.18) and A3 (A=0.18) in benzonitrile after
selective excitation of perylene part at 500 nm (c) Fluorescence decay curves of D2A3 and its model
molecules D2 and A3 in benzonitrile (d) Excitation spectrum in benzonitrile (dashed-line) of D2A3
measured at Aem = 650 nm along with the absorption spectrum (solid-line) in chloroform.

The photophysical behavior of antenna system D2A2 undergoes large changes upon
altering the solvent. In chloroform, the photophysics of D2A2 was found to be very similar to
that of D1A1 and D1A2, i.e. upon excitation of the donor efficient excitation energy transfer
was observed, followed by an efficient acceptor emission. In contrast, in polar benzonitrile,
fluorescence of the perylene acceptor was found to be severely quenched, which is indicative
of an efficient non-radiative deactivation of the excited acceptor chromophore, as was seen in
the case of antenna systems D2A3 and D3A3. Clearly this polarity effect points towards the
involvement of charge transfer processes.

From the steady state and time-resolved fluorescence experiments rates of
fluorescence quenching can be determined, using Equation C.1 in Appendix C.>* For D2A3
and D3A3 in chloroform, rates of fluorescence quenching of 5-6 x 10° s have been
calculated, which is in the same order as the rates of fluorescence. For D2A2, D2A3 in
benzonitrile, quenching rates kp of 8 x 10° s and 4 x 10" s'l, have been obtained. These
quenching rates have not been obtained with high accuracy, as they were calculated based on
very low and inaccurate fluorescence quantum yields, but nevertheless, correlate well with the
rates obtained by transient absorption spectroscopy, vide infra.
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4.2.5 Transient Absorption Studies
In the steady-state fluorescence studies, quantitative quenching of donor emission was

observed for all the antenna systems. For all D1 containing antenna systems (D1A1, D1A2,
and D1A3), sensitized emission of the perylene chromophore was observed due to an efficient
EET from the naphthalene chromophore to the perylene. The perylene fluorescence was as
intense as for the corresponding model acceptors A1-A3, and thus the excited acceptor was
not quenching by any process. In the case of systems D2A3 and D3A3, quenching of perylene
emission was observed, which was significantly stronger in benzonitrile as compared to
chloroform. For molecule D2A2, the intermediate case, perylene quenching was observed in
benzonitrile, but not in chloroform. These observations are indicative of intramolecular
photoinduced charge transfer from the excited acceptor chromophore. Therefore, femtosecond
transient absorption studies were carried out to gain further insight in the excited state
dynamics in these systems. For these studies, all antenna systems along with model
compounds were investigated in chloroform and benzonitrile. Measurements were conducted
at two different excitation wavelengths to excite the donor and acceptor components
separately. The excitation wavelengths corresponding to the absorption maxima of perylene
were used for selective excitation of the perylene component. Selective excitation of the
naphthalene chromophore, however, was not possible because perylene derivatives also
absorb at ca. 410 nm, i.e. the absorption maximum of the naphthalene donor. Therefore, the
predominant excitation of the donor part was achieved by selecting the excitation wavelengths
with the highest ratio of donor versus acceptor absorption. The extent of acceptor absorption
at short wavelengths was taken into account with the data analysis.
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Figure 4.5 Transient absorption spectra in benzonitrile (a) A3 (b) D1A3 after selective excitation of
perylene chromophore at 540 nm (c) D1A3 after predominant excitation of naphthalene part at 400 nm
(d) D1A3 spectra along with that of D1 and A3.

Transient absorption measurements were carried out on the reference acceptor
compounds (A1-A3). As an example, the excitation of A3 in benzonitrile is shown in Figure
4.5a. Excitation of A3 resulted in an immediate formation of the first singlet excited state of
the perylene chromophore that is characterized by its typical strong photoinduced absorption
between 650-900 nm and a bleach of the ground state absorption at ca. 550 nm.'*?%"%
Furthermore, a negative band corresponding to the stimulated emission of the perylene
chromophore was seen at ca. 600 nm. With the increase in delay times, the characteristic
absorption of perylene singlet excited state remains at the same wavelength (ca. 700 nm) and
slowly decays with a time constant corresponding to the fluorescence of the perylene
chromophore (~4.5 ns). Small spectral changes were observed in the bleach region between
525-650 nm, including a significant loss of amplitude, which were most pronounced at ca.
100 ps delay. These spectral changes are attributed to the relaxation of the initially excited
perylene chromophore.”® Similar results were obtained for all the reference acceptor
compounds in both chloroform and benzonitrile.

Subsequently, transient absorption measurements were carried out on the antenna
systems D1A1, D1A2, and D1A3. The antennae were first selectively excited at their perylene
absorption maxima, which resulted in the transient absorption spectra similar to those of the
respective reference acceptor compounds, as is illustrated for antenna D1A3 in Figure 5b. In
the bleach region, small changes were observed in the picosecond time scale due to the
relaxation of the excited perylene. The positive absorption bands between 700-900 nm
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remain unchanged at picosecond delay times and, eventually, start to decrease at nanosecond
delay times. This leads to the conclusion that for these antenna systems, the perylene excited
state decays to the ground state in the same manner as in the model acceptor, via emission
from the singlet excited state. So, for this compound, even in the polar solvent benzonitrile,
charge transfer processes have not been detected.

Upon excitation of these antenna molecules at ca. 400 nm, immediate formation of the
donor’s excited state, along with excited acceptor, was observed at femtosecond delay times,
(Figures 4.5¢ and d). Subsequently, the perylene excited state absorption increases with
further increase in delay times in the range of 0—10 ps. At nanosecond delay times, the
magnitude of the perylene absorption gradually decreases. The swift increase in absorption at
picosecond delay times is consistent with a fast excitation energy transfer from the
naphthalene donor to the perylene acceptor, and the decrease at nanosecond delay times with
the subsequent slow decay of perylene excited state to the ground state via emission. No signs
of charge separation, i.e. the characteristic sharp absorption of the perylene radical anion at
ca. 700 nm,***® were observed in these antenna systems despite the use of polar solvent
(Figures C.9 and C.10, Appendix C). The photophysical pathways taking place in these
antenna systems (D1A1, D1A2, and D1A3) after donor excitation are summarized in Figure
4.6.
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Figure 4.6 Kinetic scheme describing the photophysical processes occurring upon excitation of donor
part in antenna systems D1A1, D1A2, and D1A3 in chloroform and benzonitrile.

Similar measurements were carried out for the antenna systems D2A2, D2A3, and
D3A3, which contain relatively electron rich energy donors (D2 and D3) and the moderately
and highly electron deficient acceptors A2 and A3. At first, measurements were performed in
polar benzonitrile in which the perylene emission of the antenna systems was almost entirely
quenched. In Figure 4.7a, the time resolved absorption of D2A3 after selective irradiation of
the perylene chromophore at 540 nm is shown. Immediate formation of the perylene-excited
state, characterized by the positive absorption between 700-900 nm with a maximum at 705
nm, was observed. This absorption remained practically the same (apart from a red shift of
maxima) with further increase in evolution time in the range 1-10 ps. At longer delay times



(ca. 100 ps), two noticeable changes appeared in the transient absorption spectra. The positive
absorption between 700-900 nm significantly sharpened with the maxima at 730 nm, which is
a characteristic signature of the perylene bisimide radical anion.’”** Secondly, the stimulated
emission at 610 nm completely vanished, indicating the formation of a non-emissive excited
state. These spectral changes strongly suggest the formation of a new excited state. Since the
driving force for photoinduced charge separation significantly increases in highly polar
solvents like benzonitrile, these spectral changes can be attributed to the formation of a
charge-separated state. This conclusion is in line with the strong fluorescence quenching that
was observed for D2A3 upon moving from chloroform to benzonitrile.

40 T T T 207 T T T
(a) (b)

20 § > 10
g of g o
£ £
< <
246.0 fs 233.3fs
20~ 20ps | -10 20ps ]
10.0 ps 10.2 ps
1120 ps 100.2 ps
] 1 1 | 201 1 1 1
500 600 700 800 900 500 600 700 800 900
Wavelength (nm) Wavelength (nm)
20 | T | 20 T T T
c
©) 15
o - 10
% = % 5

173.3fs
20ps

-5 10.3ps |
---- A3* 105.4 ps
— D2"-A3/(300 ps) -10- 10ns
1 | 15 | | | | 29ns
500 600 700 800 900 500 600 700 300 900

Wavelength (nm) Wavelength (nm)

Figure 4. 7 Transient absorption spectra of antenna D2A3 in benzonitrile (a) after selective excitation
of A3 at 540 nm (b) after excitation of D2 at 440 nm (c) comparison with D2 and A3 (d) D2A3 after
excitation at 440 nm in chloroform.

When the naphthalene chromophore of antennac D2A2, D2A3, and D3A3 was excited
using 440 nm laser light, the spectroscopic signature of the singlet excited state of the donor,
along with that of the acceptor, appeared in femtosecond time scale, as is illustrated for
compound D2A3 in Figure 4.7b. Subsequently, the perylene singlet excited state absorption
increased at delay times in the range of 0-10 ps. At ca. 100 ps delay, the spectrum
significantly changed, with the sharpening of the positive absorption at ~730 nm and the
disappearance of the stimulated emission band at ca. 610 nm. These features are exactly same
as obtained after the selective excitation of the perylene bisimide at 540 nm (Figure 4.7a). To
summarize, on illumination of antennae D2A2, D2A3 and D3A3, D*A is formed
instantaneously. Subsequently, the donor transfers its energy to the acceptor within a few
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picoseconds, forming DA*. Eventually, charge transfer occurs to form the charge-separated
state, DA, which recombines to the ground state at the nanosecond time scale. It is
important to mention that we did not observe any signature of the perylene excited state
relaxation process in the transient absorption spectra of D2A3 and D3A3 in benzonitrile.
However, in the case of D2A2, where the charge transfer process is considerably slower, the
perylene excited state relaxation process precedes charge transfer. The photophysical
pathways taking place in D2A2, D2A3 and D3A3, in benzonitrile, after donor excitation is
summarized in Figure 4.8.

In less polar chloroform, as illustrated for compound D2A3 in Figure 4.7d, no
spectral evidence for the formation of a charge transfer state was detected, i.e. by the
characteristic absorption of perylene radical anion and loss of stimulated emission. The
perylene excited state was clearly seen, even after 2 ns delay times in the transient absorption
spectra. This suggests that the perylene singlet excited state decays to the ground state by
fluorescence. However, from the steady state measurements it is known that the fluorescence
of the acceptor fluorescence in D2A3 (Pr~0.25) is severely quenched compared to that of A3
(®r~0.9). The fact that the charge-separated state is invisible in this case may be due to a fast
charge recombination, which prevents build-up of this species. In addition, the fact that the
rate of fluorescence and the rate of charge transfer are comparable impedes detection of a
charge-separated state. Contrary to the measurements in benzonitrile, we were also able to
notice the internal relaxation process for all the antenna systems in chloroform. This is
attributed to the fact that charge separation in chloroform is slower than in benzonitrile and
therefore is not able to outcompete the internal relaxation of the singlet-excited state.
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Figure 4. 8 Kinetic scheme describing the photophysical processes upon excitation of donor (at
440nm) for compounds D2A2, D2A3, and D3A3 in benzonitrile.

4.2.6 Rates of Energy and Charge Transfer
Since there are several photophysical processes involved after the excitation, the rates of these

processes could not be derived from changes in the absorption at a single wavelength.
Therefore, global and target analysis were performed by taking into account the rates of
individual processes taken from the model compounds along with their optical densities at the



excitation wavelengths. The open software package Glotaran®® was used and further details
are provided in the Appendix C. Analysis of the TA data by global and target analysis was
performed only for the benzonitrile case, because the analysis of TA data obtained in
chloroform was severely hampered by the presence of CH Raman peaks in the absorption
spectra. In order to find the rates of excited energy transfer kgzr, acceptor relaxation kseax,
charge separation k¢s and charge recombination kcg, the rates of the fluorescence decay of the
donor (krp) and the rate of fluorescence decay of the acceptor (kr .4, kr .reiax) are taken from
the global analysis of model compounds and kept constant in the target analysis of the
antenna, similar to the approach reported by Gorczak er al. ** We have previously analyzed
the photophysics of the antenna systems in toluene by a single wavelength analysis. In this
case single wavelength data analysis was allowed because the photophysics of these antenna
molecules in toluene is very straightforward, without the involvement of competing charge
transfer processes.

The kinetic scheme of photo-physical processes for D1A1, D1A2, and D1A3 in
benzonitrile is given in Figure 4.6 and for D2A2, D2A3, and D3A3 in the same solvent is
given in Figure 4.8. The initially excited donor (D*) undergoes energy transfer within a
couple of picoseconds with a rate characterized by the time constant 7zgr. For all antenna
molecules, this process is the first photo-physical process that occurs. From the steady state
fluorescence measurements, that all show fluorescence quantum yields independent from the
excitation wavelength, it is clear that charge transfer from the excited donor is insignificant,
i.e. outcompeted by the ultrafast energy transfer.

For compounds D1A1, D1A2, and D1A3, the excited acceptor part undergoes a
relaxation process. This relaxation has also been seen in the model acceptors, albeit with
different rate constants (Figure C.13, Appendix C). Both the A* and A*,.x singlet excited
states decay to the ground state via emission.

Table 4. 3 Time constants of all photophysical processes determined from transient absorption after
donor excitation in benzonitrile. Time constants in chloroform are given in Table S1 (supporting info).

Trelax (PS) Teer (PS) Tcs (PS) Tcr (PS)

D1A1 57.9 1.16 - -
D1A2 52.1 1.39 - -
DI1A3 97.8 1.10 - -
D2A2 143 0.91 117.5 345
D2A3 5.58 0.74 323 800
D3A3 - 0.79 17.4 106

The time constants of the photophysical processes in benzonitrile, as determined by
global analysis, are compiled in Table 4.3. From Table 4.3, it can be concluded that excited
energy transfer is ultrafast for all antenna systems, with time constants tger between 740 fs to
1.39 ps. The modest differences in Tz values may be explained by differences in the overlap
integrals and acceptor extinction coefficients, vide infra. The charge separation rates reported
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in Table 4.2 are in accordance with the Rehm-Weller behavior, i.e., they increase as the
charge separation energy AG’cs increases. Also, charge transfer is not observed if the
calculated charge transfer energies 4G’cs, depicted in Table 4.1, are higher than -0.2 eV. For
compounds D2A2, D2A3 and D3A3 charge recombination rates are lower than the charge
separation rates, by a factor of 2-25, which results in build-up and detection of the charge
separated states. For these charge recombination rates, no obvious correlation with molecular
structure has been observed. For the relaxation of the acceptor singlet excited state, no
obvious correlation with the molecular structure is apparent either. Comparison of the
relaxation rates in Table 4.3 with the 7., values measured for A1, A2 and A3, being 10.8,
13.0 and 7.8 ps, respectively, suggests that donor attachment decreases these relaxation rates.

In Table 4.4, the energy and charge transfer rates of the six antenna molecules in
toluene, chloroform and benzonitrile are compiled. For the energy transfer rates, the values in
the different solvents as well as the trends within each solvent are strikingly similar. From this
similarity it is concluded that for the rigid antenna molecules studied here, solvent polarity
has no significant influence on energy transfer rates. In addition, the influence of molecular
structure on energy transfer rates is modest as well, typically £30 % in our case.

The influence of molecular structure on charge separation rates is strong and
determined by the excitation energy of the acceptor chromophore and the redox properties of
the donor and acceptor chromophores in a straightforward manner. The effect of the solvent is
also very pronounced, as an increase in solvent polarity specifically stabilizes the charge-
separated state, according to Equation 4.1. In apolar toluene no charge separation is
observed, while in chloroform charge separation is seen in two cases only, with rates
comparable to those of acceptor fluorescence. Only in polar benzonitrile fast charge transfer
that is able to outcompete fluorescence has been observed.

Table 4. 4 Time constants of energy and charge transfer processes in our antennae in different
solvents.

TEET (tol) TEET(Chl) TEET®Bzn) TCS(Chl T CS(Bzn)
(ps) (ps) (ps) (ps) (ps)
D1A1 0.99 1.02 1.12 - -
D1A2 1.31 1.38 1.39 - -
D1A3 1.07 1.10 1.16 - -
D2A2 1.16 1.10 0.90 118
D2A3 0.92 0.66 0.74 2000 32

D3A3 0.87 0.90 0.79 1700 17



4.3 Discussion

The results obtained by the photophysical measurements in the solvents toluene, chloroform
and benzonitrile, provide a clear picture of the photochemical processes that take place upon
excitation of the investigated antenna molecules.

In toluene all antenna molecules, upon excitation of the donor, exhibited a fast energy
transfer (tger~ 1 ps), followed by intense acceptor fluorescence (te~ 5 ns). In this solvent,
photoinduced charge transfer is absent for all compounds even after being thermodynamically
allowed for some of them. In chloroform, the increased solvent polarity did not change the
photophysical behavior of the antenna molecules containing the acceptor units Al and A2.
Fast energy transfer and highly efficient fluorescence was observed after donor excitation.
Only for compounds with the strongly electron deficient PBI acceptor A3, significant
fluorescence quenching was observed due to a relatively slow photoinduced electron transfer
process, Tcs~1.7-2 ns. Transient absorption measurements in chloroform provided a
qualitative description of the photophysics, because accurate rate constants cannot be derived
by this technique due to the presence of chloroform CH Raman peaks in the absorption
spectra. Charge separated states were not observed in chloroform by TA measurements and
this may be due to fast charge recombination. In benzonitrile, the antenna molecules
containing the weakest electron donating energy donor D1 did not undergo photoinduced
charge transfer at all. For the remaining antenna molecules D2A2, D2A3 and D3A3
fluorescence quenching was almost quantitative due to a fast photoinduced charge separation
from the excited acceptor. Global analysis of the data obtained by transient absorption
spectroscopy, provided the rate constants of the photophysical processes of the antenna
molecules in benzonitrile.

The rates of energy transfer in benzonitrile correlate very well with those obtained in
toluene and chloroform by single wavelength fitting. The fastest energy transfer is observed
for D2A3 and D3A3, followed by D2A2, D1A1 and D1A3. In all cases D1A2 is slower, but
the difference is modest, + 30%. Assuming that the conformation of the rigid antenna
molecules is not solvent dependent, differences in overlap integrals J, more specifically the
overlap of normalized donor emission and acceptor absorption spectra, and acceptor
extinction coefficients &4, may explain this trend using classical Forster theory. For example,
faster energy transfer for D2A2 than for D1A2 is explained by a larger overlap of normalized
donor emission and acceptor absorption, while the trend in acceptor extinction coefficients,
A3>A2>Al, explains the general trend in energy transfer rates for antenna molecules with
identical donors.

The rates of charge separation strongly depend on antenna structure and solvent
polarity. Rates of charge separation are fastest in benzonitrile, and the order of kcs, D3A3>
D2A3> D2A2, is in accordance with the calculated charge separation energies AG’¢s for these
processes. For the charge recombination rates kcg the order D2A3> D2A2 > D3A3 , has been
observed. For D2A3 kcs/kcr~ 25 and for this compound the charge separated state is best
visible in the transient absorption spectra.

The photophysical behavior of our antenna can be accurately tuned by changing the
molecular structure and solvent polarity and these changes are predictable and fairly well
understood. Excitation energy transfer is always fast, in the 1 ps range, modestly influences
by the molecular structure, and unaffected by the solvent. Photoinduced charge transfer from
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the excited donor is thermodynamically allowed in most cases, but has not been observed
experimentally, as it is outcompeted by ultrafast energy transfer. Photoinduced charge transfer
from the excited acceptor takes place when the calculated values of the charge separation
energy 4 Gcs are below -0.2 €V, a value that appears to be a threshold for this process, and
rates of this process scale with AG’s. Tuning the thermodynamic potential is achieved by
structural modification of the antenna, i.e. using different donor-acceptor combinations, and
by changing the solvent polarity, which influences the stability of the charge separated state
relative to those of the other states. It should be noted that, to the best of our knowledge,
D1A1, D1A2 and D1A3 are the only perylene-based antenna molecules in which
photoinduced electron transfer is absent in all tested solvents, including polar benzonitrile.
Although this series suggests that incorporating the electron poor energy-donor D1 in the
antenna molecule is the key ingredient, the substitution of the strongly electron deficient PBI
acceptor A3 by its less electron deficient counterparts PMIDE A2 or the PTE Al is also an
important modification for diminishing charge transfer from the excited acceptor.

Based on their strong, tunable, absorption in the visible region, ultrafast excited
energy transfer, and modest, tunable charge transfer within the antenna systems, the light
harvesting antenna molecules presented here are very well suited for the construction of
devices for artificial photosynthesis.” For incorporation into larger antenna systems, that
contain an additional red-shifted acceptor, all antenna molecules appear to be well-suited.
This is based on the assumption that energy transfer to the additional acceptor should be
ultrafast and will outcompete charge transfer within the antenna molecules. Compounds
D1A1, D2A1 and D1A3 are particularly suited for this purpose as these assemblies do not
exhibit charge transfer within the antenna assembly under all investigated conditions.

In devices for artificial photosynthesis, charge transfer should take place from an
energy acceptor chromophore, referred to as the sensitizer, towards charge separator units.
Efficient device operation will take place only if these desired charge transfer processes,
which drive the catalytic reactions, outcompete other processes that may occur from the
excited acceptor. In the antenna molecules investigated here, energy transfer takes place from
donors attached at bay positions, while peri positions are available for attaching charge-
separating units. Previous research on the photophysics of perylene tetracarboxylic acid
derivatives, however, has shown that rates of photoinduced charge transfer processes from
bay positions *****° are one order of magnitude faster than from the peri positions. This
implies that charge separators should preferably be attached at bay positions, which facilitate
faster charge transfer, and therefore, additional bay substituents for attaching charge
separators, should be attached to the antenna systems presented here. This can be achieved by
starting the antenna synthesis from tetrachloro ***° instead of dibromoperylenes, and by
implementing the recently developed chemistry for regioselective substitution of bay
halogens. *!

4.4 Conclusions

Six artificial light-harvesting antenna systems with tunable optical and electrochemical
properties, composed of naphthylimide energy donors attached to the bay positions of
perylene 3,4,9,10 tetracarboxylic acid derived acceptor parts, were investigated by cyclic
voltammetry, steady state and time resolved spectroscopy in solvents of different polarity. All



the antenna molecules exhibit a strong absorption in a large part of the visible region by
complementary absorption of the donor and acceptor constituents. Energy transfer from the
excited donor to the acceptor was ultrafast for all antenna molecules in all solvents, with time
constants Tger ranging from 0.7 to 1.4 ps. This process was hardly depending on solvent
polarity and only modestly influenced by molecular structure. Other photoinduced processes
originating from the excited donor, notable the thermodynamically allowed charge transfer,
have not been observed.

Charge transfer, from the excited acceptor was strongly dependent on both the
molecular structure and solvent polarity. In toluene this process is absent for all antenna
molecules, and after donor excitation and ultrafast excitation energy transfer to the acceptor,
only emission from the acceptor is observed. In chloroform only for D2A3 and D3A3, the
molecules with the stronger electron donors D2 and D3 and the strongest electron acceptor
A3, charge transfer, from the excited acceptor, was observed. Charge transfer rates were
relatively slow, Tcr ~1.7-2 ns, and comparable with the fluorescence rate of the acceptor. In
benzonitrile fast charge transfer was observed for antenna D2A2, D2A3 and D3A3. Rates
were ranging from 20-120 ps, and correlate with the calculated free energy of the charge
transfer process AGr. In some cases, the acceptor radical anion was detected in TA. Quite
remarkable, the “other” antenna molecules D1A1, D1A2 and D1A3, exhibited ideal antenna
behavior, i.e. fast energy transfer and no charge transfer or other competing processes, even in
polar benzonitrile. This makes these molecules extremely suitable for incorporation in devices
for artificial photosynthesis.

Our current research is focused on incorporating antenna molecules in larger antenna
assemblies and on changing the antenna design by attaching energy donors at peri-positions,
while keeping the bay positions available for charge transfer.

4.5 Experimental Section

Materials. All solvents used in the spectroscopic measurements were of reagent grade and
were used as received from suppliers.

Instrumentation and Characterization. Absorption measurements were carried out
in Perkin Elmer Lambda 40 UV-Vis spectrophotometer. Photoluminescence studies were
done in SPEX Fluorimeter. Fluorescence lifetimes were performed with LifeSpec-ps
Fluorescence spectrometer with fixed excitation wavelength of 400 nm. For quantum yield
measurements, the formula for optically dilute solutions was used.** Fluorescence quantum
yields were determined by using perylene-3,4,9,10-tetracarboxylic tetrabutylester (¢r= 0.98
in CH2Cl2) and N,N'-bis(1-hexylheptyl)-perylene bisimide (¢pr = 0.99 in CHyCly) as
reference.”

Pump-probe transient-absorption measurements were performed by using tunable
Yb:KGW laser system consisting of a YB:KGW laser (1028 nm) which operates at 5 kHz
with a pulse duration of <180 fs (PHAROS-SP-06-200 Light Conversion) and an optical
parametric amplifier (ORPHEUS-PO15F5HNP1, Light Conversion). A white light continuum
probe pulse was generated by focusing part of the fundamental 1028 nm from Pharos into a
sapphire crystal. Transient absorption data were collected using a commercial pump-probe
spectrometer, HELIOS (Ultrafast Systems) in the wavelength range 490-910 nm. The
maximum time-delay between the pump and the probe pulse was 3.3 ns. The compounds
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were dissolved in spectroscopic grade toluene, chloroform and benzonitrile and placed in
quartz cuvettes with a 2 mm path length. In order to prevent aggregation and photo-bleaching,
the samples were stirred with a magnetic stirrer. The transient absorption spectra are taken in
both parallel and perpendicular polarization angle between pump and probe light. Later, the
data is averaged to a magic angle (~54.7°) to eliminate the polarization and photoselective
effects. **

Transient absorption data was analyzed with global and target analysis using the open
source software Glotaran *° ,TIMP is assuming that the time dependent spectra is a linear
combination of difference absorption of various species with their respective population .*’
Gaussian instrument response function, which is the account for dispersion and the coherent
artifact, were taken into account while the analysis carried out. The schemes in Figure 4.6
and Figure 4.8 were taken into account. The quality of fits and the relevance to correct
species were compared with the global analysis of individual model compounds. (see the
Figure C.14-C.19, Appendix C) Small deviations were observed due to different chemical
surroundings, which can introduce slight shifts of transition energies or change in oscillator
strength. **

All calculations were performed by using Amsterdam Density Functional software.*
The molecular structures in ground-state geometry were obtained by using PBE functional
with DZP basis set. The molecules were charged +1 and geometry optimization were
performed in same functional and basis set as in neutral molecule. The ionization potentials
were obtained by subtracting total bonding energies of neutral and cation.
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5 ® Inhibition of Intramolecular

Charge Transfer in Perylene Imide
Light-Harvesting Antenna Molecules
by Topological Modifications

This chapter is based on D. Inan, R. K. Dubey, W. F. Jager, and F. C. Grozema in preparation.



5.1 Introduction

Artificial photosynthesis, in which the essential processes occurring in natural photosynthesis
are mimicked by synthetic systems to produce synthetic fuels, is amongst the most promising
techniques for generating sustainable energy.'” In particular when the stability of chemical
fuels and the amount of light that falls onto the surface of the earth are considered.*” In the
molecular approach, light harvesting antenna molecules composed of chromophores that
exhibit complementary absorption, are essential components. In ideal light-harvesting antenna
molecules, excited energy transfer from the donor to the acceptor is quantitative, and the
acceptor-excited state is stable and long-lived. For artificial photosynthesis, charge separators
and catalysts are attached to acceptor to efficiently convert the acceptors excited energy into
chemical energy.'’

With the development of a series of modular antenna systems composed of
naphthalimide  donors and exceptionally stable perylene 3,4,9,10-tetracarboxylic acid
acceptors, we have proven to meet the abovementioned requirements.'''® Energy transfer
from the donors to the acceptor is in the 1-1.5 ps range and the excited state acceptor is long-
lived and decays by a slow fluorescence in the 4-5 ns range only. '"*° However, for the
antenna molecules in which electron rich donor and electron deficient acceptors are connected
we have observed intramolecular charge transfer in polar solvents. This parasitic process
seriously reduces the light-harvesting efficiency, and should be excluded. This is particularly
important also because polar environments are required to stabilize the charge-separated
states that drive the redox reactions that produce synthetic fuels. Herein, we will demonstrate
that when antenna molecules are constructed by employing the identical donor and acceptor
constituents, i.e. by changing the topology of the molecules, the undesired intramolecular
charge transfer is fully excluded. This is achieved by transferring the donor attachment from
the acceptor bay to the peri positions. An additional advantage of this design is that charge
separators are conveniently attached at the acceptor bay positions, from which charge transfer
is proven to be a highly efficient process.

5.2 Results and Discussion

The antenna molecules we have designed are the compounds Im-D2A2 and Im-D2A4, which
have the naphthalimide donor D2 attached at the peri positions of the perylene tetracarboxylic
acid acceptors A2 and A4, respectively. The synthesis of antenna molecule Im-D2A2 starts
from the readily available monoanhydride diester 1.' Using the newly developed amino-
functionalised naphthalimide donor 2, (Appendix D, Scheme D.1), the monoimide diester 3
was made under standard imidisation conditions. Subsequently, the bromine atoms at the bay
positions were substituted by solubilizing 4-(tert-butyl) phenol moieties in a 61% yield see
Scheme S.1.
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Figure S. 1 Structures of the two antenna systems Im-D2A2 and Im-D2A4.
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Scheme 5. 1 Synthesis of perylene monoimide based antenna system Im-D2A2.

For the synthesis of the perylenebisimide antenna compound Im-D2A4, we used pure
tetrachlorobisanhydride 4 as our starting material.”>** The conversion of the bisanhydride 4 to
the bisimide 5, was achieved using mild imidisation conditions in a 44% yield. Finally,
antenna Im-D2A4 was made by the attachment of four solubilizing 4(fert-butyl)phenol units

at the bay positions.
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Scheme 5. 2 Synthesis of perylene bisimide based antenna system Im-D2A4.

CHAPTER 5



The photophysical properties of the antenna molecules Im-D2A2 and Im-D2A4 and the
reference compounds D2, A2 and A4, see Figure D.1, have been determined in benzonitrile.
We have chosen benzonitrile as the solvent, because in this polar solvent fast charge transfer
has been reported for the analogous bay-substituted antenna molecules D2A2 and D2A3, See
Figure D.1. From steady state spectroscopy, it can be seen that the absorption spectra of the
antenna compounds are the sum of the spectra of the constituents, which indicates the absence
of ground state interactions between the chromophores. Complementary absorption of the
donor and the acceptor constituents is clearly not optimal for these antenna compounds, see
Figure 5.2. For Im-D2A2 the absorption is too low at short wavelength, due to the presence
of only a single energy donor. For Im-D2A4, on the other hand, a hole in the absorption
around 500 nm is clearly visible, which is mainly due to the fact that the attachment of four
electron donating phenoxy bay substituents has shifted the absorption of the perylene acceptor
35 nm to the red, as compared to the disubstituted PBI acceptor A3.
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Figure 5. 2 UV/Vis absorption spectra in benzonitrile: (a) Im-D2A4, reference acceptor A4 and
reference donor D2 (b) Im-D2A2, reference acceptor A2 and reference donor D2

Upon selective excitation of the donor chromophore in Im-D2A2 and Im-D2A4,
acceptor fluorescence was observed exclusively. Also, absorption and excitation spectra of
both antenna molecules were identical within the experimental error. Both observations
indicate that energy transfer from the excited donor to the acceptor is quantitative, see Figure
5.3. However, fluorescence quantum yields of the antenna molecules were about 10% lower
than those of the model acceptors A2 and A4. Time-resolved emission of the acceptor
molecules A2 and A4 were monoexponential with time with time constants of 4.7 and 5.7 ns,
respectively, whereas the antenna molecules showed bi-exponential decay, in which the slow
decay components were prevalent and had time constants close to those of the model
acceptors. These findings reveal that the attachment of the large energy donors at the peri-
positions, induce slightly enhanced non-radiative relaxation of the acceptor-excited state in
the antenna molecules.
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Figure 5. 3. (a) Normalized steady-state emission spectra of Im-D2A4 compared with reference
acceptor A4 (b) Excitation spectrum of Im-D2A4 (dashed-line) measured at A, = 650 nm along with
the absorption spectrum (solid-line) in benzonitrile. (Im-D2A2 is in Appendix D)

Table 5. 1 Photo-physical properties of the reference compounds and donor-acceptor systems in
benzonitrile * Fluorescence Quantum Yield ® Fluorescence lifetime (A = 400 nm) © Lifetime data for
energy transfer obtained from femtosecond transient absorption spectroscopy

Compounds )\, (nm) eM'em™)  Aemg(nm) o’ TrL(ns)’ Trer (PS)
D2 437 15200 514 0.87 8.29 -
A2 522 37800 573 0.79 4.73 -
Im-D2A2 520 37900 571 0.70  1.3(42%)/40  0.51
(58%)
A4 588 55300 625 0.92 4.43 -
Im-D2A4 441 50000 621 084  1.8(18%)/45 0.6l
582 54200 (82%)

The transient absorption spectra of Im-D2A2 and Im-D2A4, when excited at the
donor absorption maximum, are given in Figures 5.4 and D.4. After the laser excitation, first
the excited state of the donor along with the excited state spectra of acceptor are observed.
This can be explained by partial absorption of acceptor at the donor excitation wavelength. In
the picosecond time domain, the excited state of the acceptor completely formed, due to an
ultrafast energy transfer process. At nanosecond delay times, the spectra of excited acceptor
start decaying in the time frame of the acceptor emission. No further changes in the spectra
were observed, apart from changes in the shape of the excited state acceptor absorption
around 530 nm. These changes are identical to those seen in the decay of the model acceptor
A2, and are most likely due to solvent relaxation processes. (see Chapter 4). Control
experiments on the individual donor and acceptor components D2, A2 and A4 can be found in
Figure D.5.

The kinetics of energy transfer has been determined using single wavelength fitting.
This method can be used since ultrafast excitation energy transfer is the only process that
occurs after donor excitation, apart from slow acceptor emission. The time constants of the
energy transfer are 0.51 and 0.61 ps for Im-D2A2 and Im-D2A4, respectively (Table 5.2),
which is substantially faster than for the antenna molecules where the donor moieties are
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substituted at the bay positions. This increased energy transfer rate is presumably due to the
parallel alignment of the donor and acceptor transition dipoles. The decay kinetics of the
excited acceptors is in the nanosecond time scale and corresponds to the singlet-state lifetimes
of the model acceptors A2 and A4. This observation suggests that the excited perylene
molecule goes back to ground state via emission, and those additional quenching
mechanisms, if present at all, do not contribute significantly to the acceptor decay.

87 T T T T 10 T T T T
6 't
4
2 £l
8 <
0 a
5 213.3fs 8
-2 506.7 fs — 4
20ps
4 10.1ps -
100.1 ps
6 10ns ]
gLl l ! ! ! l ! ! l l
500 600 700 800 900 500 600 700 800 900
Wavelength (nm) Wavelength (nm)

Figure 5. 4 (a) Time evolution of the femtosecond transient absorption spectra of Im-D2A2 excitation
at 430 nm in benzonitrile (b) The spectra of Im-D2A2 with the dissociation of species after different
time delays along with reference donor and reference acceptor

Table 5. 2 The rates, the time constants of the energy transfer in donor-acceptor systems excited at
430 nm

Compound Ker (ps™) Ter (PS)
Imido-D2A4 1.64 0.61
Imido-D2A2 1.96 0.51

The combined results, obtained by steady state and time-resolved spectroscopy,
clearly show that donor-acceptor systems Im-D2A2 and Im-D2A4 undergo ultrafast energy
transfer from the naphthalene-based donor to the perylene-based acceptor. In both
compounds, the acceptor excited state decays to the ground state via emission with a
fluorescence quantum yield that is 10% lower than that of the acceptor model compounds A2
and A4. Clearly this implies that the antenna performance of Im-D2A2 and Im-D2A4 is
superior compared to that of the corresponding bay-substituted antenna molecules D2A2 and
D2A3, for which a fast charge transfer process was observed. Still the question remains
whether or not this slightly enhanced quenching is due to charge- transfer from the excited
acceptor.

Based on the Weller equation using the Born continuum approximation (Eq D.1),(see
Chapter 4) charge transfer energies AG’c; for antennae Im-D2A2 and Im-D2A4 in
benzonitrile of -0.54 and —0.35 eV, respectively, have been calculated by keeping donor-
acceptor distance as 9.5 A and E1/2 rea= -1.17 eV, Es;= 2.01 eV for A4. The charge transfer
energy found for Im-D2A2 is identical to that calculated for the analogous bay-substituted
antenna molecule D2A2, for which we found fast charge transfer in benzonitrile. The charge
transfer energy calculated for Im-D2A4 is significantly higher, and this is mainly because the



singlet energy of A4 is 0.34 ¢V lower than that of A2. Based on these charge transfer
energies, charge transfer is possible for Im-D2A2, but for Im-D2A4 this process, if present at
all, should be considerably slower. These considerations make charge-transfer as the
additional quenching process in both antenna molecules highly unlikely.

We performed additional photophysical measurements on Im-D2A2 and Im-D2A4 in
toluene, a solvent in which charge transfer processes have not been observed for the bay
antenna molecules. These experiments showed that in toluene the fluorescence quantum
yields of the antenna compounds were also 10% lower than those of the corresponding model
acceptors A2 and A4, Table D.1. Photo-induced charge transfer processes for Im-D2A2 and
Im-D2A4 in toluene have positive charge transfer energies AG"CT of +0.17 and +0.35 eV,
respectively and are therefore thermodynamically forbidden. Thus intramolecular charge-
transfer as the cause of this additional quenching of both antenna molecules in toluene and
benzonitrile has been excluded. What it is still an open question.

5.3 Conclusions
In conclusion, we have designed, synthesized the light-harvesting antenna molecules Im-

D2A2 and Im-D2A4 where the donor attachment is at the imide position of the acceptor, with
the specific aim of blocking undesired intramolecular charge transfer processes. Detailed
spectroscopic analysis by both steady state and time resolved measurements, has proven that
intramolecular charge transfer does not take place for these compounds, not even in the highly
polar solvent benzonitrile. Energy transfer occurred within 0.5-0.6 ps, which is substantially
faster than for corresponding antenna with bay-attached donor moieties. The absence of photo
induced charge transfer is in line with our previous findings that charge transfer is at least an
order of magnitude slower when the donor is in the imide position. The absence of charge
transfer, combined with the opportunity to attach up to four additional substituents at the bay
positions from which charge transfer reactions are highly efficient, show that our molecules
are ideal light harvesting antenna components for application in artificial photosynthesis. Our
current research will focus on the integration of these antenna molecules in devices for
artificial photosynthesis.
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5.4 Experimental Methodology

Materials The compounds 1,7-dibromoperylene monoanhydride diester (5), 1,6,7,12-
perylene bisanhydride (8), ref-A2, and ref-A4 were synthesized according to the previously
described procedures *'** All other reagents utilized in the syntheses were used as received
from the manufacturers, unless otherwise stated. The NMP used in the synthesis was of
anhydrous grade. Toluene was dried over sodium under an argon atmosphere prior to use. The
purification of the products was performed by column chromatography 0.3—0.200 mm).
Instrumentation and Characterization The NMR spectra were recorded with 400
MHz pulsed Fourier transform NMR spectrometer in either CDCl; or DMSO-ds at room
temperature. The chemical shift values are given in ppm and J values in Hz. High-resolution
mass spectra were collected on an AccuTOF GCv 4G, JMS-T100GCV, Mass spectrometer
(JEOL, Japan). The FD/FI probe (FD/FI) was equipped with an FD Emitter, Carbotec
(Germany), FD 10 um. Typical measurement conditions were as follow: Current rate 51.2
mA/min over 1.2 min; Counter electrode —10 kV; Ton source 37 V. The samples were
prepared in dichloromethane.

Absorption measurements were performed in PerkinElmer Lambda 40 UV-— vis
spectro-photometer. Photoluminescence studies were done in SPEX Fluorimeter.
Fluorescence lifetimes were performed with LifeSpec-ps Fluorescence spectrometer with
fixed excitation wavelength of 400 nm. For quantum yield measurements, the formula for
optically dilute solutions was used.”* Fluorescence quantum yields of compounds were
determined by using perylene-3,4,9,10-tetracarboxylic tetrabutylester (¢r = 0.98 in CH,Cl, )
as a reference.'’

Pump-probe transient-absorption measurements were performed by using tunable
Yb:KGW laser system consisting of a YB:KGW laser (1028 nm), which operates at 5 kHz
with a pulse duration of less than 180 fs (PHAROS-SP-06— 200 Light Conversion) and an
optical parametric amplifier (ORPHEUS- PO15F5HNPI1, Light Conversion). A white light
continuum probe pulse was generated by focusing part of the fundamental 1028 nm from
Pharos into a sapphire crystal. Transient absorption data were collected using a commercial
pump-probe spectrometer, HELIOS (Ultrafast Systems) in the wavelength range of 490— 910
nm. The maximum time-delay between the pump and the probe pulse was 3.3 ns. The
compounds were dissolved in spectroscopic grade benzonitrile and placed in quartz cuvettes
with a 2 mm path length. To prevent aggregation and photobleaching, the samples were
stirred with a magnetic stirrer. The data was taken in magic angle to prevent any polarization
dependence.
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® Appendix for Chapter 2

A.1 Synthesis and Characterization

As described in Scheme A.1, the reported 1,7-diphenoxy-substituted compounds (1a-b, 2a—c,
3a—c, and 4a-b) were synthesized from their corresponding 1,7-dibromoperylene-3,4,9,10-
tetracarboxylic acid derivatives, 1,7-dibromoperylene tetrabutylester 1, N-(2,6-
diisopropylphenyl)-1,7-dibromoperylene ~ monoimide  dibutylester 2,  N,N’-bis(2,6-
diisopropylphenyl)-1,7-dibromoperylene bisimide 3, and the N-(2,6-diisopropylphenyl)-1,7-
dibromoperylene monoimide monobenzimidazoles (4 and 4').

The syntheses of these regioisomerically pure 1,7-dibromo-precursors (1-4) was
carried out from commercially available perylene-3,4,9,10-tetracarboxylic bisanhydride
(PBA) using a previously reported procedure.' The subsequent substitution of bromine atoms
with 4-tert-butylphenoxy and 4-methoxyphenoxy groups was achieved in high yields (80-
90%) as shown in Scheme A.1. The phenoxy substitution on 1,7-dibromoperylene
tetrabutylester 1 was performed in anhydrous DMF at elevated temperature (115 °C) owing to
the low reactivity of the 1,7-dibromoperylene tetrabutylester towards nucleophilic substitution
reactions.! For all other derivatives (2, 3, and 4), the reaction was carried out under milder
reaction conditions in toluene at temperatures around 90 °C.>*
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Scheme A. 1 Synthesis of 1,7-di(4-tert-butylphenoxy) and 1,7-di(4 methoxyphenoxy)perylene-
3,4,9,10-tetracarboxylic acid derivatives.



An isomeric mixture of 1,7-dibromoperylene monoimide monobenzimidazole
compounds (4 + 4") was obtained by the reaction between 1,7-dibromoperylene monoimide
monoanhydride 7 and 1,2-diaminobenzene in refluxing propionic acid (Scheme A.2.).* The
TLC analysis of this mixture revealed two slightly separated spots corresponding to 4 and 4'.
Efforts to separate the two region-isomers by column chromatography, however, were not
successful. The presence of two isomers was also evident from the '"H NMR spectrum, in
which two sets of signals in the aromatic region are clearly visible (Figure A.1). These
signals, corresponding to the perylene core protons H, H* and H'', H'", were very well
resolved. On the basis of the relative intensities of these signals, surprisingly, the two
regioisomers (4 and 4') were found in a ratio ca. 2:1. The obtained ratio is rather surprising
because we cannot deduct differences in electron density of both anhydride carbonyl in
compound 7, based on resonance structures. Thus the reactivity of both anhydride carbonyl
moieties is expected to be identical. For the synthesis of tetrachlorobisimidazoles, both 1:1°
and 2:1° isomeric mixtures have been reported. The assignment of the signals (H®, H* and
H'", H'") to the individual regioisomers was done based on 'H-'H COSY, and by the direct
comparison of 'H NMR spectrum of (4+4') with the spectrum of 1,7-dibromoperylene
bisimide 3 (Figure A.1). The ring current effect of the additional aromatic benzimidazole
moiety was a decisive argument for explaining changes in the chemical shifts.

When comparing the 'H NMR spectra of compounds 3 and 4+4’', the chemical shifts
for the perylene core protons H® and H’, in the “left” imide part of these compounds, are
expected to be very similar. Indeed, protons H* and H’ have identical chemical shifts in
compounds 3 and 4+4'. Placement of the imidazole moiety on the “right” part of the molecule
should affect the chemical shifts of protons H® and H'', upon going from 3 to 4 or 4', but to a
different extend. A larger shift is expected for the proton H'' in compound 4, whereas the
imidazole placement in compound 4’ should have a larger effect on the chemical shift of
proton H¥. The predicted shifts are clearly visible in the '"H NMR spectrum depicted in
Figure A.1, in which the proton assignment is shown.
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Scheme A. 2 Synthesis of 4-methoxyphenyl functionalized derivatives 2¢ and 3c.

The two compounds 2¢ and 3¢, containing 4-methoxyphenyl moiety at the imide
position, were synthesized to investigate photoinduced CT from substituents attached to the
imide position of perylene tetracarboxylic acid derivatives 2 and 3. The synthesis was carried
out in two steps from their corresponding monoanhydride precursors 5 and 7, respectively. In
the first step, imidization was carried out with 4-methoxyaniline in refluxing propionic acid to
afford corresponding imides 6 and 8.* Thereafter, nucleophilic substitution of bromine atoms
with 4-tert-butylphenol yielded the desired products 2¢ and 3¢ in good yields.
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Figure A. 1 Comparison between 'H NMR spectra of compound 4+4 and 1,7-dibromoperylene
bisimide 3.

A.2 Synthesis Details
Synthesis of 1,7-di(4-tert-butylphenoxy)perylene-3,4,9,10-tetracarboxy

tetrabutylester (1a): In a 25 mL round-bottomed flask, weighed amounts of 1,7-
dibromoperylene tetrabutylester 1 (200 mg, 0.25 mmol), 4-tert-butylphenol (148 mg, 0.99
mmol), and Cs,COs (485 mg, 1.49 mmol) were taken. Subsequently, anhydrous DMF (8 mL)
was added. The reaction mixture was stirred at 115 °C for 3 hours under argon atmosphere.
After the mixture cooled to room temperature, CH,Cl, (50 mL) was added to the reaction
mixture and the resultant solution was washed with water several times. The organic layer
was collected and evaporated. The crude product was chromatographed with DCM to afford
the desired product 1a (199 mg, 85%). Later on, it was recrystalized from refluxing EtOH. 'H
NMR (400 MHz, CDCL,): 6 =9.08 (d, J = 8.0 Hz, 2H), 7.98 (d, J = 8.0 Hz, 2H), 7.73 (s, 2H),
7.39 (d, J= 8.0 Hz, 4H), 7.01 (d, J = 8.0 Hz, 4H), 4.29 (t, /= 6.8 Hz, 4H), 4.23 (t,J = 6.8 Hz,
4H), 1.78-1.70 (m, 4H), 1.69-1.62 (m, 4H), 1.50-1.33 (m, 4H), 1.41-1.30 (m, 4H), 1.33 (s,
18H), 0.96 (t, J = 6.8 Hz, 6H), 0.89 ppm (t, J = 6.8 Hz, 6H). >C NMR (100 MHz, CDCl3): &
= 168.5, 167.8, 153.3, 152.2, 147.0, 132.0, 131.2, 129.4, 129.1, 127.1, 127.0, 124.7, 124.3,
122.5,118.3, 65.3, 65.2,34.4,31.4, 30.6, 30.4, 19.2, 19.1, 13.8, 13.7 ppm.



Synthesis of 1,7-di(4-methoxyphenoxy)perylene-3,4,9,10-tetracarboxy
tetrabutylester (1b): Prepared from 1,7-dibromoperylene tetrabutylester 1 (100 mg, 0.12
mmol), 4-methoxyphenol (61 mg, 0.49 mmol), and Cs,CO; (240 mg, 0.74 mmol) according
to the procedure described for compound 1a. The crude product was purified using silica-
60/CHCl; and, subsequently, recrystallized from refluxing ethanol (97 mg, 88%). '"H NMR
(400 MHz, CDCl3): 6 =9.10 (d, J = 8.0 Hz, 2H), 7.99 (d, J = 8.0 Hz, 2H), 7.68 (s, 2H), 7.04
(d, J=8.8 Hz, 4H), 6.92 (d, J = 8.8 Hz, 4H), 4.29 (t, J = 6.8 Hz, 4H), 4.23 (t, J = 6.8 Hz, 4H),
3.82 (s, 6H), 1.78-1.71 (m, 4H), 1.71-1.63 (m, 4H), 1.52—1.41 (m, 4H), 1.40—1.30 (m, 4H),
0.97 (t, J = 7.2 Hz, 6H), 0.90 ppm (t, J = 7.2 Hz, 6H). *C NMR (100 MHz, CDCLy): § =
168.5, 167.8, 156.4, 152.9, 149.0, 131.2, 131.1, 129.2, 129.0, 127.1, 124.4, 123.4, 121.8,
120.5, 115.2, 65.3, 65.2, 55.7, 30.6, 30.4, 19.2, 19.1, 13.8, 13.7 ppm.

Synthesis of N-(2,6-diisopropylphenyl)-1,7-di(4-tert-butylphenoxy)
perylene-3,4,9,10-tetracarboxy monoimide dibutylester (za): A mixture of 4-
tert-butylphenol (54 mg, 0.36 mmol), K,COs3 (100 mg, 0.72 mmol), and 18-Crown-6 (190
mg; 0.72 mmol) was stirred in anhydrous toluene (20 mL) for 20 minutes at room temperature
under argon atmosphere. Subsequently, 1,7-dibromoperylene monoimide dibutylester 2 (100
mg, 0.12 mmol) was added and the reaction mixture was stirred for 3h at 95 °C. After being
cooled to room temperature, more toluene (30 mL) was added and the organic solution was
extracted with water twice. The solvent was evaporated and the crude product was purified by
silica gel column chromatography in DCM to afford compound 2a (105 mg; 90%). 'H NMR
(400 MHz, CDCl3): 6 =9.30 (t, J = 8.4 Hz, 2H), 8.61 (d, J = 8.4 Hz, 1H), 8.39 (s, 1H), 8.03
(d, J= 8.4 Hz, 1H), 7.78 (s, 1H), 7.46-7.38 (m, 5H), 7.29 (d, J = 8.0 Hz, 2H), 7.09-7.02 (m,
4H), 4.31 (t, J= 6.8 Hz, 2H), 4.24 (t, J = 6.8 Hz, 2H), 2.75-2.65 (m, 2H), 1.80-1.61 (m, 4H),
1.49-1.33 (m, 4H), 1.34 (s, 9H), 1.33 (s, 9H), 1.16-1.10 (m, 12H), 0.98 (t, J = 7.2 Hz, 3H),
0.91 ppm (t, J = 7.2 Hz, 3H).>C NMR (100 MHz, CDCl3): & = 168.4, 167.6, 163.7, 163.1,
153.9, 153.8, 153.1, 152.8, 147.6, 147.4, 145.6, 134.3, 132.6, 132.1, 130.8, 130.8, 130.70,
130.66, 129.4, 129.1, 128.4, 127.8, 127.2, 127.1, 125.8, 125.7, 125.2, 124.8, 123.9, 123.8,
122.8, 121.3, 121.1, 118.7, 118.3, 65.5, 65.4, 34.5, 34.4, 31.4, 30.6, 30.4, 29.1, 24.0, 23.9,
19.2,19.1, 13.8, 13.7 ppm.

Synthesis of N-(2,6-diisopropylphenyl)-1,7-di(4-methoxyphenoxy)
perylene-3,4,9,10-tetracarboxy monoimide dibutylester (2b): Prepared from 4-
methoxyphenol (40 mg, 0.32 mmol), K,COs (89 mg, 0.64 mmol) and 18-Crown-6 (170 mg,
0.64 mmol), and 1,7-dibromoperylene monoimide dibutylester 2 (90 mg, 0.11 mmol) as per
the procedure described for the compound 2a. The crude product was purified by column
chromatography (silica-60/ CHCl3) and, subsequently, recrystallized from refluxing EtOH to
afford the product 2b (84 mg, 85%). 'H NMR (400 MHz, CDCl3): 6 = 9.41 (t, J = 8.0 Hz,
2H), 8.64 (d, J= 8.0 Hz, 1H), 8.33 (s, 1H), 8.05 (d, /= 8.0 Hz, 1H), 7.73 (s, 1H), 7.45 (t, J =
7.6 Hz, 1H), 7.30 (d, J = 8.0 Hz, 2H), 7.09 (t, J = 8.8 Hz, 4H), 6.97 (d, J = 9.2 Hz, 2H), 6.94
(d, J=9.2 Hz, 2H), 4.32 (t, J = 6.8 Hz, 2H), 4.25 (t, J = 6.8 Hz, 2H), 3.85 (s, 3H), 3.82 (s,
3H), 2.73-2.65 (m, 2H), 1.78-1.71 (m, 2H), 1.70-1.62 (m, 2H), 1.49-1.43 (m, 2H), 1.36-1.31
(m, 3H), 1.15-1.12 (m, 12H), 0.98 (t, J = 7.2 Hz, 3H), 0.91 ppm (t, J = 7.2 Hz, 3H). °C NMR
(100 MHz, CDCl3): 6 = 167.9, 167.1, 163.1, 162.6, 156.3, 156.1, 154.1, 154.0, 148.3, 147.9,
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145.1, 133.8, 132.0, 131.6, 130.3, 130.2, 130.13, 130.08, 128.91, 128.88, 128.5, 127.9, 127.3,
125.1, 124.6, 124.0, 123.8, 123.4, 122.3, 122.2, 120.5, 120.3, 119.9, 114.9, 114.9, 65.0, 64.9,
55.2,30.1,29.9, 28.6,23.4, 18.7, 18.6, 13.3, 13.2 ppm.

Synthesis of N,N’-bis(2,6-diisopropylphenyl)-1,7-di(4-tert-butylphenoxy)
perylene-3,4,9,10-tetracarboxy bisimide (3a): Prepared from 4-tert-butylphenol (53
mg, 0.35 mmol), K,CO3; (96 mg, 0.70 mmol), 18-Crown-6 (185 mg, 0.70 mmol), and 1,7-
dibromoperylene bisimide 3 (100 mg, 0.12 mmol) in dry toluene (30 ml) at 90 °C according
to the procedure described for compound 2a. The crude product was refluxed in MeOH (20
mL) and filtered to remove unreacted phenol. Thereafter, the dried precipitate was
chromatographed using silica-60/DCM to afford compound 3a (91 mg, 79%). '"H NMR (400
MHz, CDCl3): 6 = 9.67 (d, J = 8.0 Hz, 2H), 8.69 (d, J = 8.0 Hz, 2H), 8.45 (s, 2H), 7.46 (m,
6H), 7.32 (d, J=7.2 Hz, 4H), 7.11 (d, /= 7.2 Hz, 4H), 2.72 (m, 4H), 1.36 (s, 18H), 1.20-1.12
ppm (m, 24H). *C NMR (100 MHz, CDCl;): = 163.5, 162.9, 155.3, 152.6, 148.0, 145.6,
133.8, 130.7, 130.5, 129.7, 129.6, 129.0, 127.4, 125.8, 124.7, 124.5, 124.0, 122.3, 118.7, 31.4,
29.2,24.0, 23.9 ppm.

Synthesis of N,N’-bis(2,6-diisopropylphenyl)-1,7-di(4-methoxyphenoxy)
perylene-3,4,9,10-tetracarboxy bisimide (3b): Prepared from 4-methoxyphenol (86
mg, 0.69 mmol), K,COs3 (191 mg, 1.38 mmol), 18-Crown-6 (365 mg, 1.38 mmol) and 1,7-
dibromoperylene bisimide 3 (200 mg, 0.23 mmol) in dry toluene (50 ml) according to the
procedure described for compound 2a. The crude product was refluxed in MeOH (25 mL) and
filtered (after cooling) to remove unreacted phenol. Thereafter, the dried precipitate was
chromatographed (silica-60/DCM:toluene 1:1) to afford compound 3b (180 mg, 82%). 'H
NMR (400 MHz, CDCls): 6 =9.71 (d, J = 8.0 Hz, 2H), 8.73 (d, J = 8.0 Hz, 2H), 8.41 (s, 2H),
7.48 (t,J=17.6 Hz, 2H), 7.33 (d, /= 7.6 Hz, 4H), 7.16 (d, J = 7.6 Hz, 4H), 7.01 (d, /= 7.6 Hz,
4H), 3.85 (s, 6H), 2.74 (m, 4H), 1.17 ppm (s, 24H). *C NMR (100 MHz, CDCl3): 6 = 163.5,
162.9, 157.0, 156.0, 148.3, 145.6, 133.8, 130.6, 130.5, 129.6, 129.0, 125.6, 124.0, 123.9,
123.8, 122.2, 120.8, 115.6, 55.7, 29.2, 24.0 ppm.

Synthesis of N-(2,6-diisopropylphenyl)-1,7-dibromoperylene-3,4,9,10-
tetracarboxy monoimide monobenzimidazole (4+4’): 1,7-dibromo perylene
monoimide monoanhydride 7 (50 mg, 0.07 mmol) and 1,2-diaminobenzene (10 mg, 0.09
mmol) were taken in propionic acid (10 ml). The mixture was refluxed for 3 h. After the
mixture cooled down to room temperature, it was poured into water to precipitate the crude
product. The precipitate was filtered off and washed with several portions of water to remove
all the propionic acid. The precipitate was dried and chromatographed on silica-60 eluting
with DCM to afford the pure product (48 mg, 87%) as the mixture of two regioisomers 4 and
4’ in a ratio ca. 2:1. '"H NMR (400 MHz, CDCls): 6 = 9.60-9.50 (m, 2H), 9.22 (s, 0.35H),
9.11 (s, 0.65H), 8.99 (s, 1H), 8.94 (d, J = 8.0 Hz, 0.65H), 8.90 (d, /= 8.0 Hz, 0.35H), 8.78 (d,
J=38.0 Hz, 1H), 8.56-8.51 (m, 1H), 7.95-7.90 (m, 1H), 7.56-7.47 (m, 3H), 7.35 (d, J = 8.0
Hz, 2H), 2.79-2.70 (m, J = 6.8 Hz, 2H), 1.22-1.16 ppm (m, 12H). *C NMR spectra could not
be measured because of its low solubility.



Synthesis of N-(2,6-diisopropylphenyl)-1,7-di(4-tert-butylphenoxy)
perylene-3,4,9,10-tetracarboxy monoimide monobenzimidazole (4a):
Synthesized from 4-tert-butylphenol (59 mg, 0.39 mmol), K,CO; (108 mg, 0.78 mmol), 18-
Crown-6 (206 mg, 0.78 mmol) and 1,7-dibromoperylene monoimide monobenzimidazole 4
(100 mg, 0.13 mmol) in dry toluene (25 ml) according to the procedure described for
compound 2a. The crude product was chromatographed using silica-60/CHCI; to afford
compound 4a (95 mg; 80%) as the mixture of two regioisomers. 'H NMR (400 MHz, CDCl5):
0 =9.68-9.52 (m, 2), 8.80-8.74 (m, 1H), 8.64-8.58 (m, 1.45 H), 8.52 (s, 0.55H), 8.49-8.45
(m, 0.60H), 8.42-8.36 (m, 1.50H), 7.83-7.75 (m, 1H), 7.51-7.38 (m, 7H), 7.30 (d, /= 7.6 Hz,
2H), 7.17-7.09 (m, 4H), 2.77-2.73 (m, 2H), 1.39-1.34 (m, 18H), 1.17-1.14 ppm (m, 12H).
3C NMR spectrum could not be measured because of its low solubility.

Synthesis of N-(2,6-diisopropylphenyl)-1,7-di(4-methoxyphenoxy)
perylene-3,4,9,10-tetracarboxy monoimide monobenzimidazole (4b):
Synthesized from 4-methoxyphenol (48 mg, 0.39 mmol), K,CO; (108 mg, 0.78 mmol), 18-
Crown-6 (206 mg, 0.78 mmol) and 1,7-dibromoperylene monoimide monobenzimidazole 4
(100 mg, 0.13 mmol) in dry toluene (30 ml) according to the procedure described for
compound 2a. The crude product was chromatographed using silica-60/CHCI; to afford
compound 4b (96 mg, 86%) as the mixture of two regioisomers. 'H NMR (400 MHz, CDCl5):
0 =9.68-9.52 (m, 2H), 8.72 (d, J = 8.4 Hz, 1H), 8.65-8.55 (m, 1H), 8.50 (s, 0.55H), 8.41 (s,
0.45H), 8.40-8.29 (m, 2H), 7.77-7.71 (m, 1H), 7.46 (t, J = 8.0 Hz, 1H), 7.41-7.35 (m, 2H),
7.31 (d, J = 8.0 Hz, 2H), 7.22-7.13 (m, 4H), 7.08-6.94 (m, 4H), 3.89-3.83 (m, 6H), 2.77—
2.73 (m, 2H), 1.19-1.13 ppm (m, 12H). *C NMR spectrum could not be measured because of
its low solubility.

Synthesis of N-(4-methoxyphenyl)-1,7-dibromoperylene-3,4,9,10-
tetracarboxy monoimide dibutylester (6): A 25 mL round-bottomed flask was
charged with 1,7-dibromoperylene monoanhydride dibutylester 5 (150 mg, 0.22 mmol), 4-
methoxyaniline (35 mg, 0.29 mmol), and propionic acid (6 mL). The reaction mixture was
refluxed for 24 h. After it cooled down to room temperature, the reaction mixture was poured
into the water to precipitate the crude product. The precipitate was filtered off and washed
with several portions of water to remove all the propionic acid. The precipitate was dried and
chromatographed on silica, eluting with CH,Cl,, to afford the desired product 6 (140 mg,
81%). 'H NMR (400 MHz, CDCly): 6 = 9.24 (d, J = 8.0 Hz, 1H), 9.21 (d, J = 8.0 Hz, 1H),
8.89 (s, 1H), 8.68 (d, J= 8.0 Hz, 1H), 8.34 (s, 1H), 8.13 (d, /= 8.0 Hz, 1H), 7.24 (d, J= 8.0
Hz, 2H), 7.08 (d, J = 8.0 Hz, 2H), 4.35 (t, J = 6.8 Hz, 4H), 3.88 (s, 3H), 1.84-1.75 (m, 4H),
1.53-1.46 (m, 4H), 1.00 ppm (t, J = 7.2 Hz, 6H). *C NMR (100 MHz, CDCls): § = 167.7,
166.9, 166.8, 163.5, 162.95, 162.91, 159.7, 138.0, 136.8, 134.2, 133.7, 132.0, 131.9, 131.6,
130.8, 130.5, 130.4, 130.3, 129.6, 129.5, 129.1, 129.0, 128.2, 128.13, 128.11, 127.3, 127.0,
126.9, 122.2, 122.1, 120.3, 119.4, 114.8, 66.0, 65.8, 55.5, 30.6, 30.5, 19.3, 19.2, 19.1, 13.8,
13.7 ppm.

Synthesis of N-(4-methoxyphenyl)-1,7-di(4-tert-butylphenoxy)perylene-
3,4,9,10-tetracarboxy monoimide dibutylester (2c): Synthesized from 4-tert-
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butylphenol (50 mg, 0.33 mmol), K,CO; (69 mg, 0.50 mmol), 18-Crown-6 (131 mg, 0.50
mmol) and 1,7-dibromoperylene monoimide dibutylester 6 (65 mg, 0.08 mmol) in dry toluene
(12 ml) according to the procedure described for compound 2a. The crude product was
chromatographed using silica-60/DCM to afford compound 2¢ (56 mg, 73%). 'H NMR (400
MHz, CDCl3): 6 =9.39 (d, J = 8.4 Hz, 2H), 8.58 (d, /= 8.4 Hz, 1H), 8.34 (s, 1H), 8.04 (d, J =
8.4 Hz, 1H), 7.77 (s, 1H), 7.45-7.38 (m, 4H), 7.20 (d, J = 8.8 Hz, 2H), 7.09-7.01 (m, 6H),
431 (t, J= 6.8 Hz, 2H), 4.24 (t, J = 6.8 Hz, 2H), 3.85 (s, 3H), 1.78-1.63 (m, 4H), 1.52-1.34
(m, 4H), 1.34 (s, 9H), 1.32 (s, 9H), 0.97 (t, J = 7.6 Hz, 3H), 0.90 ppm (t, J = 7.2 Hz, 3H). °C
NMR (100 MHz, CDCls): 6 = 168.3, 167.6, 163.9, 163.6, 159.5, 153.9, 153.0, 152.7, 147.7,
147.6, 134.3, 132.7, 132.0, 130.8, 130.7, 130.5, 129.5, 129.2, 129.0, 128.4, 127.7, 127.6,
127.2, 127.1, 125.3, 124.73, 124.70, 123.6, 122.7, 121.13, 121.10, 118.8, 118.7, 114.7, 77.3,
77.0,76.7,65.5,65.4,55.5,34.5,34.4,31.4,30.6, 30.4, 19.2, 19.1, 13.8, 13.7 ppm.

Synthesis of N-(2,6-diisopropylphenyl)-N’-(4-methoxyphenyl)-1,7-
dibromoperylene-3,4,9,10-tetracarboxy bisimide (8): Synthesized as per the
procedure described for compound 6 from 1,7-dibromoperylene monoimide monoanhydride 7
(150 mg, 0.21 mmol), 4-methoxyaniline (78 mg, 0.63 mmol), and propionic acid (8 mL). The
reaction mixture was refluxed for 24 h. After it cooled down to room temperature, the
reaction mixture was poured into the water to precipitate the crude product. The precipitate
was filtered off and washed with several portions of water to remove all the propionic acid.
The precipitate was dried and chromatographed on silica, eluting with CH,Cl,, to afford the
desired product 8 (133 mg, 77%). '"H NMR (400 MHz, CDCls): 6 = 9.56 (d, J = 8.0 Hz, 1H),
9.54 (d, J= 8.0 Hz, 1H), 9.00 (s, 1H), 8.98 (s, 1H), 8.79 (d, J = 8.0 Hz, 1H), 8.77 (d, J= 8.0
Hz, 1H), 7.51 (t,J=17.6 Hz, 1H), 7.35 (d, /= 7.6 Hz, 2H), 7.24 (d, J = 8.8 Hz, 2H), 7.09 (d, J
= 8.8 Hz, 2H), 3.89 (s, 3H), 2.78-2.66 (m, 2H), 1.19 (s, 6H), 1.17 ppm (s, 6H). >C NMR (100
MHz, CDCl;): 6 = 162.7, 162.5, 159.8, 145.6, 138.4, 138.3, 133.2, 133.1, 131.0, 130.6, 130.4,
130.1, 129.9, 129.6, 129.5, 129.4, 129.0, 128.7, 127.6, 127.4, 127.1, 124.2, 123.4, 123.0,
122.8,120.9, 114.9, 55.5, 29.3, 23.99, 23.97 ppm.

Synthesis of N-(2,6-diisopropylphenyl)-N’-(4-methoxyphenyl)-1,7-di(4-tert-
butylphenoxy)perylene-3,4,9,10-tetracarboxy bisimide (3c): Synthesized as per
the procedure described for compound 2a from 4-tert-butylphenol (50 mg, 0.33 mmol),
K,CO3 (69 mg, 0.50 mmol), 18-Crown-6 (131 mg, 0.50 mmol) and 1,7-dibromoperylene
bisimide 8 (65 mg, 0.08 mmol) in dry toluene (12 ml) according to the procedure described
for compound 2a. The crude product was chromatographed using silica-60/DCM to afford
compound 2¢ (65 mg, 85%). 'H NMR (400 MHz, CDCls): d = 9.67 (d, J = 8.0 Hz, 1H), 9.62
(d, /= 8.0 Hz, 1H), 8.70 (d, J = 8.0 Hz, 1H), 8.62 (d, J = 8.0 Hz, 1H), 8.43 (s, 1H), 8.35 (s,
1H), 7.50-7.42 (m, 5H), 7.31 (d, /= 8.0 Hz, 2H), 7.22 (d, J = 8.8 Hz, 2H), 7.15-7.01 (m, 6H),
3.86 (s, 3H), 2.77-2.67 (m, 2H), 1.35 (s, 9H), 1.34 (s, 9H), 1.25-1.11 ppm (m, 12H). *C
NMR (100 MHz, CDCl3): § = 163.5, 163.3, 159.6, 155.5, 155.4, 152.5, 152.4, 148.2, 148.1,
145.6, 133.8, 133.7, 130.7, 130.5, 130.4, 129.6, 129.5, 129.4, 129.0, 128.9, 127.4, 127.3,
125.7, 125.3, 124.4, 124.24, 124.20, 124.0, 123.8, 122.3, 122.2, 119.0, 118.9, 114.7, 55.5,
36.8, 34.6,34.5,31.4,29.2,24.0,23.9 ppm.



A.3 Extra Experimental Results

Table A. 1 Calculated rate of fluorescence and fluorescence quenching of compounds 1—4 in toluene,
chloroform, and acetonitrile/benzonitrile.

Compound Solvent kp (x10% s ke (x107% 57

toluene 2.13 0.21

la chloroform 1.90 0.36
acetonitrile 1.90 0.21

toluene 2.07 0.28

1b chloroform 1.80 0.43
acetonitrile ~0.95 ~46.7

toluene 1.89 0.33

2a chloroform 1.72 0.25
acetonitrile 1.72 0.19

toluene 1.95 0.44

2b chloroform 1.00 2.12
acetonitrile ~0.37 ~12.1

toluene 2.13 0.16

2c chloroform 1.84 0.27
acetonitrile 1.96 0.17

toluene 2.12 0.13

3a chloroform 1.96 0.19

benzonitrile 1.92 0.31
toluene ~2.67 ~11.4

3b chloroform ~0.93 ~22.3
benzonitrile ~0.66 ~82.6

toluene 2.63 0.00

3¢ chloroform 2.23 0.33

benzonitrile 1.81 1.21

toluene 1.60 0.65

4a chloroform 1.53 0.78

benzonitrile 1.66 0.71

toluene 1.78 0.05

4b chloroform 0.94 3.14
benzonitrile ~0.93 ~22.3

The rate of fluorescence (kr) and rate of fluorescence quenching (k,,) were obtained from steady state

and time-resolved optical measurements using Equations 1—4.

(DF=

kr
kr + kQ
1
kp + kQ
PF
™
kr

PF

F

(A1)
(A2)
(A3)
(A4)
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Figure A. 2 The normalized UV/Vis absorption (Left) and emission (Right) spectra of compounds
1—4a in chloroform.
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Figure A. 3 The normalized UV/Vis absorption (Left) and emission (Right) spectra of compounds 2¢
and 3¢ in chloroform.
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Figure A. 4 Fluorescence decay curves of compounds 1a—b and 2a—c in toluene, chloroform, and
acetonitrile.
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Figure A. 5 Fluorescence decay curves of compounds 3a—c and 4a—b in toluene, chloroform, and
benzonitrile.
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Figure A. 6 Transient absorption spectra of 2¢ (left, in acetonitrile) and 3¢ (right, in benzonitrile) with
respect to different time delays between pump and probe light.
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Figure A. 8 Transient absorption spectra of 2a (left) and 2b (right) in acetonitrile with respect to
different time delays between pump and probe light.
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Figure A. 9 Transient absorption spectra of 3a (left) and 3b (right) in benzonitrile with respect to
different time delays between pump and probe light.
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® Appendix for Chapter 3

B.1 Synthesis and characterization

The energy donor naphthalimide derivatives (3-5), outlined in Scheme B.1, were obtained
from commercially available 4-bromo- 1,8-naphthalic anhydride 1. The compounds were
synthesized in two steps in high yields. First, imidization of 1 with 4-aminophenol yielded V-
(4’-hydroxyphenyl)-4-bromonaphthalene monoimide 2.' Subsequently, the bromine was
substituted by isopentylthio, n-butylamino, and dimethylamino groups to obtain compounds
3,4,and 5, respectively.2

The synthesis of light-harvesting antenna systems was carried out from the
regioisomerically pure 1,7-dibromoperylene- 3,4,9,10-tetracarboxylic acid derivatives 1,7-
dibromoperylene monoimide dibutylester 6, 1,7-dibromoperylene bisimide 9, and 1,7-
dibromoperylene monoanhydride diester 12. These perylene derivatives were obtained
according to a previously reported procedure.” For the synthesis of antenna systems D1A2
and D2A2 (Scheme B.2), the naphthalene derivatives 3 and 4 were separately reacted with
regioisomerically pure 1,7-dibromoperylene monoimide diester 6, (A2). This phenoxy
substitution reaction was carried out in dry toluene in the presence of K,CO; and 18-crown-6
at 95 and 105 °C to obtain D1A2 and D2A2, respectively, in good yields. The same procedure
was followed to synthesize antenna systems D2A3 and D3A3 using the naphthalene
derivatives 4 and 5, respectively, and 1,7-dibromoperylene bisimide 9 (A3) as shown in
Scheme B.3.

The synthesis of the antenna system D1A1 was found to be more challenging
(Scheme B.4). The coupling reaction was first attempted by reacting 1,7-dibromoperylene
tetrabutylester 15, (A1) with naphthalene derivative 3. However, compound D1A1 was not
obtained, not even after employing the harshest possible reaction conditions; refluxing DMF
in the presence of Cs,COs. This result can be rationalized based on the fact that perylene
tetrabutylester 15 is significantly less electron deficient compared to perylene monoimides
and bisimides, due to the absence of strong electron withdrawing imide groups.’ This
decreased electron deficiency of the perylene core in 15 reduces its reactivity towards the
nucleophilic substitution reaction. Therefore, the synthesis of D1A1 was carried out using the
perylene derivative 12, which is more reactive than 15 owing to the presence of an electron
withdrawing anhydride group. Following this approach, D1A1 was obtained in two steps. The
first step involved the substitution of bromines with 3 in anhydrous NMP at 120 °C to obtain
compound 13 in 39% yield. Subsequently, the esterification of the anhydride group yielded
the antenna system D1A1 in 76% yield. The low yield in the first step of this reaction was
most likely due to the reaction of the nucleophilic phenol with the anhydride group.

For spectroscopic and electrochemical characterization, reference energy-donor
compounds ref-D1, ref-D2, and ref-D3, and reference acceptor compounds ref-Al, ref-A2,
and ref-A3, were synthesized (Figure B.1). The reference energy-donors were prepared
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according to the similar procedure as followed for D1, D2, and D3. (In ref-D1, a phenyl
group instead of a methoxyphenyl group was attached to the naphthylimide. This is the case
because the electron-rich methoxyphenyl group strongly quenches the excited state of the 4-
isopentylthionaphthalene monoimide.) The synthesis of the reference perylene compounds
was achieved according to previously reported procedures.>*

K,COj3, DMF, 80 °C,
22 h, 96%
3 (D1)
O H N—@—OH O \—\_ o)
-l " 3 A~ TN
e} —_— N—@—OH NOOH
O ethanol, reflux, Q DMSO, 80 °C, Q
o) 18 h, 90% o} 24 h,97% o
1 2 4 (D2)
\ (o]
S -
Ree SR 20
DMSO, 132°C, Q %
overnight, 71%
5 (D3)

Scheme B. 1 Synthesis of 4-substituted naphthalene monoimide derivatives D1, D2, and D3 (3-5).

Br
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Br
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?‘ !O K,COj3, 18-C-6, K,COj, 18-C-6, ! !‘
dry toluene, Ar dry toluene, Ar o 0
95°C, 16 h, 80% 105°C, 24 h, 65% ©

8 (D2A2)

CaHy

Scheme B. 2 Synthesis of the antenna systems D1A2 (7) and D2A2 (8) from the perylene derivative 6
(A2).
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Scheme B. 3 Synthesis of antenna systems D2A3 (10) and D3A3 (11) from 1,7-dibromoperylene
bisimide 9 (A3).
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Scheme B. 4 Synthesis of the antenna D1A1.
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Figure B. 1 Structure of model energy-donors and acceptors used in the spectroscopic and
electrochemical studies.

B.2 '"H NMR analysis of antenna system D2A2

The aromatic region of the '"H NMR spectrum of D2A2 was compared with the spectrum of
ref-D2 to obtain information regarding the mutual orientation of the two moieties in the
antenna systems (Figure B.1). The assignment of the various signals to the naphthalene ring
protons was performed with the help of 'H-'H COSY measurements (Figure B.2). The
perylene core protons are indicated by asterisks. In case of the close-proximity of the two
chromophores, the aromatic ring current generated from the perylene moiety will affect the
chemical shifts of the proton signals of the naphthalene rings and vice versa.” ° In the antenna
system D2A2, however, all the naphthalene core protons (Hz, H3, HS, H(’, and H7) have
retained their chemical shift values compared to ref-D2. This observation leads to the
conclusion that the two chromophores are oriented away from each other and do not
experience any through-space interaction. This observation is also indicative of the absence of
ground-state interactions between the two chromophores, i.e. the absence of conjugation
between them. The same phenomenon was observed for all other antenna systems that we
synthesized. Another noteworthy aspect of the NMR spectrum of D2A2 is the small ~0.07
ppm difference in the chemical shift that is observed for all the naphthalene proton
resonances. This chemical shift difference reveals that both naphthalene units in compound
D2A2 are inequivalent. For all antenna molecules based on the centrosymmetric acceptors Al
and A3, the proton resonances of both naphthalene units are identical and chemical shift
differences have not been observed. Finally, it should be noted that the absence of additional
resonances in the '"H NMR spectrum of D2A2 reflects the high purity of this compound.
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Figure B. 2 Comparison of the 'H NMR spectra (aromatic regions) of compounds D2A2 and ref-D2
in CDCl;. The perylene core protons are indicated by asterisks.

B.3 Synthesis Details
Synthesis of N-(4’-hydroxyphenyl)-4-bromonaphthalene-1,8-dicarboxy monoimide (2)

A mixture of 4-bromo-1,8-naphthalic anhydride 1 (4.00 g, 14.44 mmol) and 4-aminophenol
(1.89 g, 17.24 mmol), in ethanol (120 mL), was refluxed for 18 h. The reaction mixture was
filtered after being cooled to room temperature. Thereafter, the residue was washed with
ethanol and dried to obtain compound 2 (4.79 g, 13.00 mmol, 90%) as a white solid. '"H NMR
(400 MHz, DMSOd6): 6 =9.68 (s, 1H), 8.55 (d, J= 6.4 Hz, 2H), 8.31 (d, J=7.6 Hz, 1H), 8.22
(d, J=7.6 Hz, 1H), 8.00 (t, J = 7.6 Hz, 1H), 7.14 (d, J = 8.0 Hz, 2H), 6.87 ppm (d, J = 8.0 Hz,
2H). *C NMR (100 MHz, DMSO-d6): & = 163.8, 163.7, 157.7, 133.0, 132.0, 131.8, 131.3,
130.3, 130.2, 129.5, 129.2, 129.0, 127.0, 123.8, 123.0, 115.9 ppm.

Synthesis of N- (4’ -hydroxyphenyl)-4-(isopentylthio) naphthalene-1,8-dicarboxy
monoimide (3)

N-(4’-Hydroxyphenyl)-4-bromonaphthalene-1,8-dicarboxy monoimide 2 (1.20 g, 3.26 mmol),
3-methyl-1-butanethiol (1.22 mL, 9.78 mmol), and K,COs (2.03 g, 14.67 mmol) were taken
in DMF (40 mL). The reaction mixture was stirred at 80 °C for 22 h. Afterwards, it was
poured into water (200 mL) to precipitate the crude product overnight. The precipitate was
filtered off, washed with several portions of water to remove all the residual DMF and 3-
methyl-1-butanethiol, and dried in a vacuum oven. Subsequently, it was dissolved in MeOH
and filtered to remove insoluble impurities. MeOH was evaporated to afford compound 3
(1.22 g, 3.12 mmol, 96%). IH NMR (400 MHz, DMSO-d6): § = 9.68 (br. s, 1H), 8.55-8.42
(m, 2H), 8.31 (d, J = 7.6 Hz, 1H), 7.84 (t, J = 7.6 Hz, 1H), 7.71 (d, J = 8.0 Hz, 1H), 7.10 (d,
J = 8.4 Hz, 2H), 6.84 (d, J = 8.4 Hz, 2H), 3.23 (t, J = 7.2 Hz, 2H), 1.85-1.73 (m, 1H), 1.60
(q, J = 7.2 Hz, 2H), 0.94 ppm (d, 6.5 Hz,6H). °C NMR (100 MHz, DMSO-d6): = 164.1,
164.0, 157.6, 145.1, 131.4, 130.9, 130.3, 130.0, 129.2, 128.3, 127.6, 127.2, 123.7, 123.4,
119.3,115.8, 37.1, 29.7, 27.6, 22.6 ppm.

Synthesis of N-(4’-hydroxyphenyl)-4-(n-butylamino) naphthalene-1,8-dicarboxy
monoimide (4)
A 50 mL round-bottomed flask was charged with N-(4’-hydroxyphenyl)- 4-
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bromonaphthalene-1,8-dicarboxy monoimide 2 (1.00 g, 2.72 mmol), n-butylamine (4.02 mL,
40.80 mmol), and DMSO (30 mL). The reaction mixture was stirred at 80°C for 24h and the
resultant solution was poured in water (200 mL) to precipitate the crude product. The
precipitate was filtered off, washed with several portions of water, and dried in a vacuum
oven to afford compound 4 (0.95 g, 2.64 mmol, 97%) as a yellow solid. 1H NMR (400 MHz,
DMSO-d6): 6 =9.60 (s, 1H), 8.75 (d, J = 8.4 Hz, 1H), 8.41 (d,J =7.2 Hz, 1H), 8.24 (d,J =
8.4 Hz, 1H), 7.79 (t, J = 5.2 Hz, 1H), 7.69 (t,J . 7.8 Hz, 1H), 7.05 (d, ] = 8.8 Hz, 2H), 6.84
(d, J = 8.8 Hz, 2H), 6.80 (d, J . 8.4 Hz, 1H), 3.39 (q, J = 6.8 Hz, 2H), 1.75-1.66 (m, 2H),
1.49-1.39 (m, 2H), 0.96 ppm (t, J = 7.6 Hz, 3H). 13C NMR (100 MHz, DMSO-d6): § =
163.9, 163.1, 156.6, 150.4, 134.0, 130.4, 129.7, 129.6, 128.5, 127.1, 123.9, 122.1, 120.0,
115.1, 115.0, 107.5, 103.4, 42.3, 29.7, 19.6, 13.5 ppm.

Synthesis of N-(4’-hydroxyphenyl)-4-(dimethylamino) naphthalene-1,8-dicarboxy
monoimide (5)

A mixture of N-(4’-methoxyphenyl)-4-bromonaphthalene-1,8-dicarboxy monoimide 2 (0.50
g, 1.36 mmol), 3-(dimethylamino) propionitrile (0.62 mL, 5.43 mmol), and DMSO (15 mL)
was stirred at 132 °C overnight. After cooling down to room temperature, the resultant
mixture was poured in water (200 mL) to precipitate the crude product. The precipitate was
filtered off, washed with several portions of water, and dried. Subsequently, it was refluxed in
MeOH (50 mL), filtered off after cooling, and dried to get compound 5 (0.32 g, 0.96 mmol,
71%) as a dark yellow solid. '"H NMR (400 MHz, DMSO-d6): & = 9.59 (br. s, 1H), 8.50 (d, J
= 8.4 Hz, 1H), 8.40 (d, J . 7.2 Hz, 1H), 8.28 (d, J = 8.4 Hz, 1H), 7.72 (t, J = 7.6 Hz, 1H), 7.16
(d, J = 8.4 Hz, 1H), 7.01 (d, J = 8.4 Hz, 2H), 6.83 (d, J = 8.4 Hz, 2H), 3.39 ppm (s, 6H). °C
NMR spectrum could not be measured because of the low solubility of the compound.

Synthesis of N-(2’,6’-diisopropylphenyl)-1,7-bis[N’-(pphenyloxy)-( 4’’-isopentylthio-
r’,8”-dicarboxy naphthalene monoimide)]perylene-3,4,9,10-tetracarboxy monoimide
dibutylester (7, D1A2)

A mixture of compound 3 (70 mg, 0.18 mmol), K,COs (50 mg, 0.36 mmol), and 18-crown-6
(95 mg, 0.36 mmol), in dry toluene (30 mL), was stirred for 45 minutes at room temperature
under an argon atmosphere. Subsequently, 1,7-dibromoperylene monoimide dibutylester (6,
A2) (50 mg, 0.06 mmol) was added. Thereafter, the reaction mixture was stirred for 16 h at 95
°C under an argon atmosphere. After being cooled to room temperature, the solvent was
removed by rotary evaporation. The residue was washed with ethanol and water, and dried.
The crude product was purified using column chromatography (silica-60/CHCIl;) to afford the
antenna system D1A2 (70 mg, 0.05 mmol, 80%). 1H NMR (400 MHz, CDCl;): 6 =9.41 (d,J
= 8.0 Hz, 1H), 9.37 (d, J = 8.0 Hz, 1H), 8.68 (d, J = 8.0 Hz, 1H), 8.67-8.60 (m, 4H), 8.56 (s,
1H), 8.51 (dd, J = 8.0 and 1.2 Hz, 2H), 8.12 (d, J = 8.0 Hz, 1H), 7.97 (s, 1H), 7.80-7.75 (m,
2H), 7.56 (dd, J = 8.0 and 2.4 Hz, 2H), 7.50-7.44 (m, 1H), 7.37-7.31 (m, 6H), 7.29— 7.24 (m,
4H), 4.38-4.31 (m, 4H), 3.22-3.14 (m, 4H), 2.80-2.72 (m, 2H), 1.89-1.76 (m, 6H), 1.75-1.67
(m, 4H), 1.54-1.41 (m, 4H), 1.20-1.14 (m, 12H), 1.06-0.85 ppm (m, 18H). *C NMR (100
MHz, CDCI3): § = 168.26, 167.45, 164.21, 163.54, 162.82, 155.78, 155.69, 152.49, 152.31,
146.37, 146.29, 145.73, 133.99, 133.19, 131.99, 131.24, 131.07, 130.65, 130.58, 129.71,
129.61, 128.63, 128.57, 128.14, 126.75, 126.69, 126.63, 126.44, 125.59, 125.33, 123.99,
123.27, 123.10, 122.49, 121.59, 118.80, 118.65, 118.56, 65.88, 65.55, 37.09, 30.64, 30.48,



30.29, 29.13, 27.69, 24.06, 22.25, 19.29, 19.21, 13.82 ppm. MS (ESI-TOF): [M]+ calculated
for C90H31N301282, 145952616, fOllIld, 1459.53383.

Synthesis of N-(2°,6’-diisopropylphenyl)-1,7-bis[N’-(p phenyloxy)-(4’’ -butylamino-r’’,8’ -
dicarboxy naphthalene monoimide)]perylene-3,4,9,10-tetracarboxy = monoimide
dibutylester (8, D2A2)

Compound 4 (70 mg, 0.19 mmol), K,CO3 (50 mg, 0.36 mmol), and 18-crown-6 (126 mg, 0.48
mmol) were taken in dry toluene (85 mL). The resultant mixture was stirred at room
temperature for 20 minutes and subsequently at 50 °C for another 20 minutes under an argon
atmosphere. Afterwards, 1,7-dibromoperylene monoimide dibutylester (6, A2) (50 mg, 0.06
mmol) was added and the reaction mixture was stirred for 24 h at 105°C under an argon
atmosphere. After being cooled to room temperature, the solvent was removed by rotary
evaporation. The residue was washed with methanol and water. The dried residue was
refluxed in MeOH (100 mL) and filtered off after cooling down to room temperature. Finally,
the crude product was purified using column chromatography (silica-60/DCM, CHCIl;) to
afford the antenna system D2A2 (55 mg, 0.04 mmol, 65%). |H NMR (400 MHz, CDCly): § =
9.42 (d, J =8.4 Hz, 1H), 9.37 (d, ] = 8.0 Hz, 1H), 8.68 (d, J =8.0 Hz, 1H), 8.61 (d, J =7.2Hz,
2H), 8.56 (s, 1H), 8.48 (d, J =8.8 Hz, 2H), 8.15-8.09 (m, 3H), 7.97 (s, 1H), 7.67-7.60 (m,
2H), 7.46 (t, J =8.0 Hz, 1H), 7.38-7.24 (m, 7H), 6.75 (dd, J =8.4 and 2.8 Hz, 2H), 5.35-5.28
(m, 2H), 4.38-4.30 (m, 4H), 3.46-3.38 (m, 4H), 2.80-2.71 (m, 2H), 1.86-1.74 (m, 8H), 1.58-
1.40 (m, 8H), 1.20-1.15 (m, 12H), 1.09-0.80 ppm (m, 12H). *C NMR (100 MHz, CDCl): &
= 168.31, 167.49,164.85, 164.19, 163.61, 162.91, 155.52, 155.39, 152.66, 152.49, 149.91,
145.78, 134.99, 133.14, 132.04, 131.78, 131.56, 131.26, 131.15, 130.78, 130.72, 130.56,
130.26, 129.69, 129.48, 129.40, 128.57, 128.12, 126.69, 126.60, 126.40, 126.36, 125.50,
125.26, 124.66, 123.98, 123.17, 123.09, 122.66, 121.51, 120.25, 118.64, 118.53, 109.76,
104.40, 65.90, 65.56, 43.42, 30.93, 30.64, 30.48,29.13, 24.07, 20.33, 19.30, 19.21, 13.86,
13.83 ppm. MS (ESITOF): [M]+ calculated for CgsH79NsO12, 1397.63271; found,
1397.61057.

Synthesis of N,N’-bis(2’,6’-diisopropylphenyl)-1,7-bis[N’-(p phenyloxy)-(4’’-butylamino-
r’,8"-dicarboxy naphthalene monoimide)]perylene-3,4,9,10-tetracarboxy bisimide (10,
D2A3)

In a dry 100 mL round-bottom flask, weighed amounts of compound 4 (58 mg, 0.16 mmol),
K2CO3 (38 mg, 0.28 mmol), and 18-crown-6 (74 mg, 0.28 mmol) were taken. Subsequently,
anhydrous toluene (50 mL) was added. The reaction mixture was stirred for 15 min at room
temperature and subsequently at 50°C for another 15 min under an argon atmosphere.
Thereafter 1,7-dibromoperylene bisimide (9, A3) (40 mg, 0.05 mmol) was added and the
reaction mixture was stirred at 95 °C for 5 h. After being cooled to room temperature, the
solvent was removed by rotary evaporation and the residue was washed with MeOH and
water. The dried residue was refluxed in ethanol (200 mL) and filtered off to remove any
unreacted compound 4. Finally, column chromatography (silica-60/1 : 1 DCM-CHCI3) was
performed to afford the desired antenna system D2A3 (58 mg, 0.04 mmol, 88%). 1H NMR
(400 MHz, CDCl3): & =9.65 (d, J = 8.4 Hz, 2H), 8.75 (d, J = 8.0 Hz, 2H), 8.63 (s, 2H), 8.60
(d, J=7.2 Hz, 2H), 8.48 (d, J = 8.4 Hz, 2H), 8.11 (d, J = 8.4 Hz, 2H), 7.63 (t, ] = 7.6 Hz, 2H),
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7.48 (t, ] =7.6 Hz, 2H), 7.35 (t, ] =8.8 Hz, 7TH), 7.28 (m, 5H), 6.74 (d, ] =8.4 Hz, 2H), 5.33 (s,
2H), 3.46-3.37 (m, 4H), 2.82-2.71 (m, 4H), 1.85-1.75 (m, 4H), 1.55-1.49 (m, 4H), 1.23-1.16
(m, 24H), 1.02 ppm (t, J =7.2 Hz, 6H). *C NMR (100 MHz, CDCI3): § = 164.83, 164.16,
163.34, 162.65, 155.25, 153.82, 149.83, 145.72, 135.03, 133.47, 132.00, 131.61, 131.32,
130.87, 130.44, 130.25, 129.70, 129.61, 129.22, 126.71, 126.56, 126.26, 125.87, 124.72,
124.42, 124.05, 123.12, 122.66, 120.23, 118.45, 109.84, 104.45, 43.43, 30.98, 29.18, 24.08,
20.33, 13.85 ppm. MS (ESI-TOF): [M]" calculated for Co,H7sNsO1o, 1426.57794; found,
1426.58144.

Synthesis of N,N’-bis(2’,6’-diisopropylphenyl)-1,7-bis[N’-(p phenyloxy)-(4”’-
dimethylamino-1"’,8”-dicarboxy naphthalene monoimide)]perylene-3,4,9,10-
tetracarboxy bisimide (11, D3A3)

Weighed amounts of compound 5 (52 mg, 0.16 mmol), K,CO3 (40 mg, 0.29 mmol), and 18-
crown-6 (77 mg, 0.29 mmol) were taken in anhydrous toluene (50 mL). The mixture was
stirred for 20 min at room temperature and, thereafter, 1,7-dibromoperylene bisimide (9, A3)
(40 mg, 0.05 mmol) was added. The reaction mixture was stirred at 100 °C for 2 h. After
being cooled to room temperature, the solvent was removed by rotary evaporation and the
residue was washed with MeOH and water. The dried residue was refluxed in methanol (150
mL) and filtered off to remove any unreacted compound 5 and other soluble impurities.
Finally, column chromatography (silica-60/CHCl;) was performed to afford the desired
antenna system D3A3 (40 mg, 0.03 mmol, 63%). 'H NMR (400 MHz, CDCI3): & = 9.65 (d, J
= 8.0 Hz, 2H), 8.75 (d, J = 8.4 Hz, 2H), 8.63 (s, 2H), 8.59 (d, J = 7.2 Hz, 2H), 8.49 (t,] = 7.6
Hz, 4H), 7.68 (t, ] = 7.6 Hz, 2H), 7.48 (t, J = 8.0 Hz, 2H), 7.40-7.26 (m, 12H), 7.13 (d, ] = 8.0
Hz, 2H), 3.13 (s, 12H), 2.82-2.70 (m, 4H), 1.25-1.14 ppm (m, 24H). *C NMR (100 MHz,
CDCI3): 6 = 164.75, 164.14, 163.31, 162.61, 157.32, 155.37, 153.73, 145.70, 133.43, 133.16,
131.71, 131.67, 131.53, 131.33, 130.82, 130.66, 130.42, 129.70, 129.61, 129.21, 126.76,
126.59, 12591, 125.28, 124.92, 124.46, 124.05, 123.04, 122.70, 118.48, 114.65, 113.31,
44.76, 29.18, 24.07 ppm. MS (ESITOF): [M]+ calculated for CggH70N¢O19, 1370.51534;
found, 1370.51784.

Synthesis of 1,7-bis[N’-(p-phenyloxy)-(4’’-isopentylthio-r'’’,8"’- dicarboxy naphthalene
monoimide)]perylene-3,4,9,10- tetracarboxy tetrabutylester (14, D1AI)

The antenna system D1A1 was synthesized in the following two steps: (i) a mixture of 1,7-
dibromoperylene monoanhydride dibutylester 12 (100 mg, 0.15 mmol), compound 3 (200 mg,
0.51 mmol), and K,COs (100 mg, 0.72 mmol), in anhydrous NMP (20 mL), was stirred at 120
°C for 24 h under an argon atmosphere. The resultant mixture was poured into water (200
mL) to precipitate the crude product. The precipitate was filtered off and washed with several
portions of water. The dried residue was refluxed in ethanol (150 mL) and filtered off to
remove any unreacted compound 3 and other soluble impurities. Product 13 (75 mg, 39%)
was used as such in the next step without NMR characterization due to its low solubility. (ii)
Compound 13 (75 mg, 0.06 mmol), butanol (200 nL, 2.19 mmol), and DBU (200 nL, 1.34
mmol) were stirred in DMF (20 mL) for 20 min at 95 °C. Thereafter, butylbromide (200 uL,
1.85 mmol) was added and the reaction mixture was stirred at 100 °C for 18 h. The resultant
mixture was poured into water (200 mL) to precipitate the crude product. The precipitate was
filtered off, and washed with several portions of water. The dried residue was refluxed in



methanol (100 mL) and filtered off (after cooling) to remove the soluble impurities. The
process was repeated two times. Finally, silica gel column chromatography was performed on
the crude product. Impurities were removed by eluting with DCM and the pure antenna
system D1A1 (63 mg, 0.044 mmol, 76%) was achieved. 'H NMR (400 MHz, CDCl3): 8 =
9.07 (d, ] = 8.4 Hz, 2H), 8.65 (d, J = 7.2 Hz, 2H), 8.61 (d, J = 8.8 Hz, 2H), 8.50 (d, ] = 7.6 Hz,
2H), 8.05 (d, J = 8.4 Hz, 2H), 7.89 (s, 2H), 7.77 (t, J = 8.4 Hz, 2H), 7.56 (d, J = 8.0 Hz, 2H),
7.31(d,J. 8.8 Hz, 4H), 7.22 (d, ] = 8.8 Hz, 4H), 4.37-4.26 (m, 8H), 3.18 (t, ] = 7.6 Hz, 4H),
1.87-1.66 (m, 14H), 1.55-1.39 (m, 8H), 1.05-0.94 ppm (m, 24H). >C NMR (100 MHz,
CDCl3): & = 1684, 167.6, 164.2, 164.1, 156.0, 150.9, 146.2, 131.9, 131.8, 131.2, 130.9,
130.8, 130.5, 129.9, 129.6, 129.5, 128.6, 127.4, 126.6, 125.3, 125.2, 123.5, 123.2, 122.5,
118.9, 118.6, 65.6, 65.3, 37.1, 30.6, 30.5, 30.3, 27.7, 22.2, 19.3, 19.2, 13.8 ppm. MS (ESI-
TOF): [M]+ calculated for CgcHgoN2014S,, 1430.52074; found, 1430.53751.

Syntheses and Characterization of Model Donors:
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Scheme B. 5 Synthesis of naphthalene monoimide derivatives used as model-donors in the
spectroscopic and electrochemical studies (ref-D1, ref-D2, and ref-D3).

(i) Synthesis of 4-(isopentylthio)naphthalene-1,8-dicarboxy Monoanhydride (16):

Synthesized from 4-bromo-1,8-naphthalic anhydride 1 (1.00 g, 3.61 mmol) and 3-methyl-1-
butanethiol (1.35 mL, 10.83 mmol), K,CO3 (2.25 g, 16.25 mmol), and DMF (12 mL). The
reaction mixture was stirred at 80 °C for 24 h. Afterwards, it was poured into the water (200
mL) to precipitate the crude product overnight. The precipitate was filtered off, washed with
several portions of water to remove all the residual DMF and 3-methyl-1-butanethiol, and
dried in vacuum oven. Subsequently, it was dissolved in chloroform and filtered to remove
insoluble impurities. Chloroform was evaporated to afford the product 16 (0.88 g, 81%). 'H
NMR (400 MHz, CDCI3): 6 = 8.59 (t, J = 8.0 Hz, 2H), 8.44 (d, J = 7.6 Hz, 1H), 7.76 (t, J =
7.6 Hz, 1H), 7.51 (d, J = 8.0 Hz, 1H), 3.18 (t, J = 7.6 Hz, 2H), 1.89-1.78 (m, 1H), 1.76—1.68
(m, 2H), 1.00 ppm (d, J = 6.8 Hz, 6H).

(ii) Synthesis of N-phenyl-4-(isopentylthio)naphthalene-1,8-dicarboxy Monoimide (17):
Synthesized in a similar manner as compound 2 from 4- (isopentylthio)naphthalene-1,8-
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dicarboxy Monoanhydride 16 (0.50 g, 1.66 mmol), aniline (0.19 g, 1.99 mmol), and ethanol
(15 mL). The crude product was purified by column chromatography (silica-60/CHCI3) to
afford the compound 17 (0.59 g, 95%). '"H NMR (400 MHz, CDCI3): § = 8.65 (d, ] = 7.20
Hz, 1H), 8.61 (d, J =8.4 Hz, 1H ), 8.51 (d, J = 7.6 Hz, 1H), 7.77 (t, ] = 8.4 Hz, 1H), 7.55 (m,
3H), 7.48 (d, ] = 7.2 Hz, 1H), 7.31 (d, J = 6.8 Hz, 2H), 3.18 (t, J = 7.6 Hz, 2H), 1.82 (septet,
1H), 1.72 (q, J = 7.2 Hz, 2H), 1.00 (d, J = 6.4 Hz, 6H). °C NMR (100 MHz, CDCI3): § =
164.2, 146.1, 135.4, 131.9, 131.1, 130.4, 129.6, 129.3, 128.7, 128.6, 126.6, 123.2, 122.6,
119.0, 37.1, 30.3, 27.7, 22.2 ppm.

(iii) Synthesis of N-(4'-Methoxyphenyl)-4-bromonaphthalene-1,8-dicarboxy Monoimide
(18):

Synthesized in a similar manner as compound 2 from 4-bromo-1,8- naphthalic anhydride 1
(2.00 g, 7.22 mmol) and 4-methoxyaniline (1.07 g, 8.69 mmol) to afford compound 18 (2.68
g, 97%) as a white solid. "H NMR (400 MHz, DMSO0-d6): 8 = 8.60 (t, ] = 8.8 Hz, 2H), 8.34
(d, J=8.0 Hz, 1H), 8.26 (d, J = 8.0 Hz, 1H), 8.04 (t, J = 8.0 Hz, 1H), 7.29 (d, J = 8.8 Hz, 2H),
7.06 (d, J = 8.8 Hz, 2H), 3.83 ppm (s, 3H). 13C NMR (100 MHz, DMSO-d6): § = 163.8,
163.7, 159.4, 133.1, 132.0, 131.8, 131.4, 130.4, 129.5, 129.3, 129.2, 128.6, 123.9, 123.2,
114.6, 55.8 ppm.

(iv) Synthesis of N-(4'-Methoxyphenyl)-4-(n-butylamino)naphthalene-1,8-dicarboxy
Monoimide (19):

Synthesized as per the procedure followed for compound 4 from N-(4'-methoxyphenyl)-4-
bromonaphthalene-1,8-dicarboxy Monoimide 18 (0.30 g, 0.79 mmol), n-butylamine (1.17
mL, 11.80 mmol), and DMSO (24 mL). The crude product was purified by column
chromatography (silica-60/1:1 CHCI3-EtOAc) to obtain compound 19 (0.27 g, 93%) as
yellow solid. "H NMR (400 MHz, DMSO-d6): 8 = 8.72 (d, J = 8.4 Hz, 1H), 8.40 (d, 1= 7.6
Hz, 1H), 8.23 (d, J = 8.4 Hz, 1H), 7.75 (t, ] = 5.2 Hz, 1H), 7.67 (t, ] = 7.6 Hz, 1H), 7.18 (d, J
= 8.8 Hz, 2H), 7.01 (d, J = 8.8 Hz, 2H), 6.77 (d, J = 8.4 Hz, 1H), 3.80 (s, 3H), 3.36 (q, J = 6.4
Hz, 2H), 1.69 (m, 2H), 1.42 (m, 2H), 0.94 ppm (t, ] = 7.6 Hz, 3H). C NMR (100 MHz,
DMSO-d6): 6 = 164.6, 163.8, 159.1, 151.2, 134.7, 131.2, 130.6, 129.5, 129.1, 124.6, 122.8,
120.7, 114.4, 108.3, 104.2, 55.8, 43.1, 30.4, 20.3, 14.2 ppm.

(v) Synthesis of N-(4'-Methoxyphenyl)-4-(dimethylamino)naphthalene-1,8-dicarboxy
Monoimide (20):

Synthesized as per the procedure followed for compound 5 from N-(4’-methoxyphenyl)-4-
bromonaphthalene-1,8-dicarboxy monoimide 18 (0.30 g, 0.79 mmol), 3-
(dimethylamino)propionitrile (0.35 mL, 3.14 mmol), and DMSO (25 mL). The crude product
was purified by column chromatography (silica-60/CHCI3) to obtain compound 20 (0.16 g,
60%). "H NMR (400 MHz, CDCls): 8 = 8.61 (d, J = 7.2 Hz, 1H), 8.50 (t, J = 8.4 Hz, 2H),
7.69 (t, J = 7.2 Hz, 1H), 7.22 (d, J = 7.6 Hz, 2H), 7.14 (d, J = 8.0 Hz, 1H), 7.05 (d, J = 7.6
Hz, 2H), 3.87 (s, 3H), 3.13 ppm (s, 6H). 13C NMR (100 MHz, CDCI3): & = 164.9, 164.4,
159.4,157.1, 132.9, 131.4, 131.3, 129.6, 128.3, 125.4, 124.9, 123.3, 115.1, 114.6, 113.3, 55.5,
44.8 ppm.



Figure B. 3 '"H-'H COSY spectrum of antenna D2A2 in CDCl,.
B.4 Cyclic Voltammetry
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Figure B. 4 Cyclic voltammograms of the model compounds and antenna systems.
Note: No redox activity was observed for ref-D1 in the measured potential window. ref-D2

and ref-D3 did not exhibit any reduction peak. For ref-A2, a very small irreversible reduction
peak was obtained at ca. -1.30 V. No reduction peak was observed for ref-Al.
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B.5 Extra Experimental Data
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Figure B. 5 Fluorescence decay curves of antenna systems and respective reference compounds in
toluene after excitation at 400 nm.
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Figure B. 6 Comparison of absorption and emission spectra of antenna systems in toluene.
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Figure B. 7 Transient absorption spectra of antenna systems in toluene and their decay kinetics at 820

nm.
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(iii) D2A3
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(iv) D3A3
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C ® Appendix for Chapter 4

C.1 Synthesis and Characterization D1A3

9 S_/—<

oSS
O W ot

‘ Br ° »
OO KoCO3, 18-C-6,
dry toluene, Ar

95°C, 4 h, 76%

N-(4'-Hydroxyphenyl)-4-(isopentylthio)naphthalene-1,8-dicarboxy Monoimide (D1) (55 mg,
0.14 mmol), K»COj; (38 mg, 0.28 mmol), and 18-Crown-6 (73 mg, 0.28 mmol) were taken in
anhydrous toluene (50 mL). The resultant mixture was stirred at room temperature for 20
minutes under argon atmosphere. Subsequently, 1-7-dibromoperylene bisimide (A3) (40 mg,
0.05 mmol) was added and the reaction mixture was stirred for 4 h at 95 °C. The progress of
the reaction was monitored by TLC analysis. After being cooled to room temperature, the
solution was washed with water. Organic phase was collected and toluene was removed by
rotary evaporation. Finally, the crude product was purified by silica gel column
chromatography (first with 1:1 DCM-CHCI; and then with CHCI;) to afford the antenna
system D1A3 (52 mg, 76%). "H NMR (400 MHz, CDCls): 6 = 9.64 (d, J = 8.0 Hz, 2H), 8.75
(d, J = 8.0 Hz, 2H), 8.66—8.58 (m, 6H), 8.49 (d, J = 8.0 Hz, 2H), 7.76 (t, J = 8.4 Hz, 2H),
7.55(d, J=8.0 Hz, 2H), 7.48 (t, J= 8.0 Hz, 2H), 7.38-7.32 (m, 8H), 7.28 (d, /= 8.8 Hz, 4H),
3.17 (t, J = 7.6 Hz, 4H), 2.80-2.71 (m, 4H), 1.88-1.77 (m, 2H), 1.70 (q, J = 8.0 Hz, 4H),
1.20-1.14 (m, 24H), 0.98 ppm (d, J = 6.8 Hz, 12H). °C NMR (100 MHz, CDCL): § =
164.187, 163.290, 162.605, 155.473, 153.688, 146.408, 145.679, 133.400, 131.996, 131.355,
131.327, 131.255, 130.772, 130.513, 130.392, 129.694, 129.620, 129.587, 129.206, 128.617,
126.681, 126.628, 126.582, 125.875, 124.466, 124.045, 123.051, 122.712, 122.481, 118.746,
118.549, 37.078, 30.285, 29.174, 27.671, 24.058, 22.230.
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C.2 Structure of Model Compounds

ref-D1 ref-D2 ref-D3

Figure C. 1 Structure of model naphthalene and model perylene compounds used in the spectroscopic
studies.

C.3 Energies of Charge Separation from Excited Donor

Table C. 1 Energies of charge separation from the excited donor, calculated using Equation C.1.

Comp Naphthalimide Perylene AGOcse
Eino' Es1h Einred Es | InDCM
(eV) (eV) | (eV)

D1A1 +1.20¢ 2.80 —-1.55° 2.41 0.09
D1A2 +1.20¢ 2.80 -1.34 2.37 -0.08
D1A3 +1.20¢ 2.80 -1.08 2.15 -0.12
D2A2 +0.80 2.60 -1.33 2.35 -0.48
D2A3 +0.79 2.58 —-1.09 2.15 -0.52
D3A3 +0.74 2.58 -1.07 2.15 -0.57

“ Scan rate 0.10 V/s. ° Energy of the first singlet excited-state from absorption and emission
measurements. ° Driving force for charge separation with respect to perylene singlet excited-state,
according to Equation 4.1. ¢ Calculated oxidation potential. No oxidation signal was detected in the
measured potential window. ° Value taken from compound A1.



C.4 Equations for Fluorescence Quenching

C.5 Steady State Absorption and Emission in Chloroform
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Figure C. 2 UV/Vis absorption spectra in chloroform (a) reference donor and acceptor compounds (b)
antenna systems.
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Figure C. 3 Normalized steady state emission spectra in chloroform (a) reference donor and acceptor
compounds (b) antenna systems.
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C.6 Comparison of Absorption and Excitation Spectra in

Chloroform
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Figure C. 4 Excitation spectra (dashed-line) of the antenna systems measured at Ae,=650 nm along
with absorption spectra (solid-line) in chloroform.



C.7 Comparison of Absorption and Excitation Spectra

Benzonitrile
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Figure C. 5 Excitation spectra (dashed-line) of the antenna systems measured at A,,=650 nm along

with absorption spectra (solid-line) in benzonitrile.
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C.8Fluorescence Decay Curves in Chloroform
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Figure C. 6 Fluorescence decay curves of antenna systems and their reference compounds

chloroform after excitation at 400 nm.
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C.9Fluorescence Decay Curves in Benzonitrile
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Figure C. 7 Fluorescence decay curves of antenna systems and their reference compounds in
benzonitrile after excitation at 400 nm.
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C.jo Transient Absorption Spectra of A1, Az, and A3
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Figure C. 8 Transient absorption spectra of (a) Al (kex

480 nm) in chloroform (left) and
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C.arTransient Absorption Spectra of DiA1
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C.2 Transient Absorption Spectra of D1A2
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Figure C. 10 Transient absorption spectra of D1A2 in (a) chloroform after selective excitation of
naphthalene chromophore (b) D1A2 spectra along with that of D1 and A2 (c) benzonitrile after
selective excitation of naphthalene chromophore (d) D1A2 spectra along with that of D1 and A2.
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C.a3 Transient Absorption Spectra of D2A2
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Figure C. 11 Transient absorption spectra of D2A2 in (a) chloroform after selective excitation of
naphthalene chromophore (b) D2A2 spectra along with that of D2 and A2 (c) benzonitrile after
selective excitation of naphthalene chromophore (d) D2A2 spectra along with that of D2 and A2.
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C.i4 Transient Absorption Spectra of D3A3
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Figure C. 12 Transient absorption spectra of D3A3 in (a) chloroform after selective excitation of
naphthalene chromophore (b) D3A3 spectra along with that of D3 and A3 (c) benzonitrile after
selective excitation of naphthalene chromophore (d) D3A3 spectra along with that of D3 and A3.
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C.a5Details of Global and Target Analysis

To model the pre-assumed kinetic profiles after the excitation of donor, target analysis is applied to
transient absorption spectra. By using the scheme suggested in the paper, transient absorption (AOD)
spectra of excited or radical ion states involved (what we called as species) with their population
profiles. The obtained spectra of possible species involved in photo physical processes were compared
with all excited state of model donors (ref-D1*,ref-D2*,ref-D3*) and acceptors (ref-A1%*, ref-A2%*,
ref-A3*) as well as the radical ions. The quality of the fit is given in Figure S15-20.
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Figure C. 13 Species spectra obtained after global analysis for (a) A1, (b) A2, (c) A3 in benzonitrile
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Figure C. 14 (a) The species obtained after the target analysis for D1A1 (b) and (c) Kinetic traces
(solid) and the population profiles (dashed) for D1A1 in benzonitrile



20

10

AmOD
=

-10

-20

LB LT [ T ) PR R g 0""|""|"‘f|""10
F @ E ]
o 3 (b) ]
L ] -5k <-5
™ o) ]
\/ . g l
r ] -10F =1
[ — D1*-A2-D1 ] 0— 1 .
; —— D1-A2*-D1 i — 500nm ]
; —— D1-A2* D1 ] I — 555nm ]
padla peala g g pin g g g PR g g _15||||||||||||1Al|11|_]5
500 600 700 800 900 0 25 50 75 100
Wavelength (nm) Time (ps)
15 e e 15
[ — 700nm ]|
L - 850nm |
10‘(\ J10 5
a . B
o . ] g
= sf 45 3
(¢) 1
0'....1....|,...s...,|'
0 25 75 100

Time (ps)
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Figure C. 16 (a) The species obtained after the target analysis for D1A3 (b) and (c) Kinetic traces
(solid) and the population profiles (dashed) for D1A3 in benzonitrile.
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® Appendix for Chapter 5

D.1 Synthesis and Characterization

Synthesis of N-[(4'-Boc-amino)phenyl]-4-bromonaphthalene-1,8-dicarboxy
Monoimide (2): A mixture of 4-bromo-1,8-naphthalic anhydride 1 (1.00 g, 3.61 mmol)
and 4-(N-Boc-amino)aniline (0.90 g, 4.33 mmol), in ethanol (60 mL), was refluxed for 18 h.
The reaction mixture was cooled to room temperature and the precipitate was collected by
filtration. Thereafter, the precipitate was washed with ethanol and dried to obtain the
compound 2 (1.27 g, 75%) as a white solid. 'H NMR (400 MHz, DMSO-d6): 6 = 9.49 (s,
1H), 8.61-8.55 (m, 2H), 8.33 (d, /= 8.0 Hz, 1H), 8.24 (d, /= 8.0 Hz, 1H), 8.02 (t, /= 8.0 Hz,
1H), 7.54 (d, J= 8.0 Hz, 2H), 7.22 (d, J= 8.0 Hz, 2H), 1.48 ppm (s, 9H).

Synthesis of N-[(4'-Boc-amino)phenyl]-4-(n-butylamino)naphthalene-1,8-
dicarboxy Monoimide (3): A 50 mL round-bottomed flask was charged with compound
2 (0.80 g, 1.71 mmol), n-butylamine (2.6 mL, 1.90 g, 25.68 mmol), and DMSO (24 mL). The
reaction mixture was stirred at 80 °C for 24 h and the resultant solution was poured in water
(500 mL) to precipitate the crude product. The precipitate was filtered off and washed with
several portions of water. Afterwards, washed with a small amount of methanol and dried in
vacuum oven to afford the compound 3 (0.76 g, 97%) as yellow solid. "H NMR (400 MHz,
CDCls): 6 =8.59 (d, J=7.2 Hz, 1H), 8.48 (d, J = 8.4 Hz, 1H), 8.10 (d, /= 8.4 Hz, 1H), 7.62
(t, J=8.0 Hz, 1H), 7.49 (d, J = 7.6 Hz, 2H), 7.20 (d, J = 7.6 Hz, 2H), 6.73 (d, J = 8.4 Hz,
1H), 6.58 (s, 1H), 5.28 (s, 1H), 3.45-3.36 (m, 2H), 1.84-1.74 (m, 2H), 1.55-1.45 (m, 11H),
1.02 ppm (t, J = 7.2 Hz, 3H).

Synthesis of N-(4'-aminophenyl)-4-(n-butylamino)naphthalene-1,8-
dicarboxy Monoimide (4): Compound 3 (1.21 g, 2.63 mmol) was stirred for 2 h in a
mixture of chloroform (45 mL) and CF;COOH (10 mL) at room temperature. Afterwards, the
solvents were evaporated under vacuum. The resultant residue was stirred in an aqueous
solution of K,CO; (pH = 9) and then filtered, washed with water, and dried to afford the
compound 4 (0.91 g, 96%). '"H NMR (400 MHz, DMSO-d6): 6 = 8.70 (d, J = 8.4 Hz, 1H),
8.38 (d, J=17.2 Hz, 1H), 8.21 (d, J= 8.8 Hz, 1H), 7.72 (s, 1H), 7.66 (t, J = 8.0 Hz, 1H), 6.88
(d, J = 8.4 Hz, 2H), 6.76 (d, J = 8.8 Hz, 1H), 6.66 (d, J = 8.4 Hz, 2H), 3.45-3.36 (m, 2H),
1.73-1.62 (m, 2H), 1.45-1.36 (m, 2H), 0.93 ppm (t, /= 7.2 Hz, 3H).

Synthesis of compound 6: A 50 mL round-bottom flask was charged with
regioisomerically pure 1,7-dibromoperylene monoanhydride diester 5 (0.10 g, 0.15 mmol),
compound 4 (0.16 g, 0.45 mmol), acetic acid (0.09 mL, 1.48 mmol), and anhydrous NMP (20
mL). The reaction mixture was stirred at 110 °C for 18 h under Ar atmosphere. After being



cooled to room temperature, toluene (100 mL) was added to the reaction mixture and the
resultant solution was washed with slightly acidic water (3 x 200 mL). Organic layer was
collected and evaporated by rotary evaporation. The solid residue was chromatographed on
silica (DCM to chloroform) to afford the desired product 6 (0.83 g, 55%). 'H NMR (400
MHz, CDCl3): 6 =9.27 (d, J= 8.0 Hz, 1H), 9.24 (d, /= 8.0 Hz, 1H), 8.93 (s, 1H), 8.72 (d, /=
8.0 Hz, 1H), 8.65 (d, J = 7.2 Hz, 1H), 8.52 (d, J = 8.0 Hz, 1H), 8.34 (s, 1H), 8.16 (t, /= 8.4
Hz, 2H), 7.66 (t, J = 8.0 Hz, 1H), 7.54-7.46 (m, 4H), 6.76 (d, J = 8.4 Hz, 1H), 4.39-4.30 (m,
4H), 3.47-3.40 (m, 2H), 1.88-1.72 (m, 6H), 1.56—1.42 (m, 6H), 1.07-0.95 ppm (m, 9H).

Synthesis of compound 7 (Imido-D2Az2): A mixture of 4-fert-butylphenol (44 mg,
0.29 mmol), anhydrous potassium carbonate (80 mg, 0.58 mmol), 18-crown-6 (160 mg, 0.60
mmol) in anhydrous toluene (100 mL) was stirred for 20 minutes at room temperature under
argon atmosphere. Subsequently, compound 6 (100 mg, 0.10 mmol) was added. The reaction
was continued for 18 h at 90 °C and then allowed to cool down to room temperature. The
reaction mixture was extracted with water (3 x 100 mL). The organic phase was collected,
and toluene was evaporated. The solid residue was chromatographed on silica, eluting with
chloroform, to afford the desired product 7 (69 mg, 61%). 'H NMR (400 MHz, CDCl;): § =
9.41 (d, J = 8.0 Hz, 1H), 9.39 (d, J = 8.0 Hz, 1H), 8.62 (d, J= 7.2 Hz, 1H), 8.60 (d, J = 8.4
Hz, 1H), 8.50 (d, J = 8.4 Hz, 1H), 8.38 (s, 1H), 8.11 (d, /= 8.4 Hz, 1H), 8.04 (d, J = 8.0 Hz,
1H), 7.77 (s, 1H), 7.62 (t, J = 8.0 Hz, 1H), 7.48-7.40 (m, 8H), 7.08 (d, J = 8.8 Hz, 2H), 7.05
(d, J=8.8 Hz, 2H), 6.74 (d, J= 8.4 Hz, 1H), 5.29 (s, 1H), 4.30 (t, /= 6.4 Hz, 2H), 4.24 (t, J =
6.4 Hz, 2H), 3.45-3.37 (m, 2H), 1.84-1.72 (m, 4H), 1.70-1.56 (m, 4H), 1.54—1.42 (m, 4H),
1.35 (s, 9H), 1.33 (s, 9H), 1.03 (t, J = 7.6 Hz, 3H), 0.97 (t, J = 7.6 Hz, 3H), 0.89 ppm (t, J =
7.2 Hz, 3H). MS (ESI-TOF): [M]" Calculated for C74H7N30, 1160.49673; found,
1160.49972.

Synthesis of compound 9: A 50 mL round-bottom flask was charged with 1,6,7,12-
tetrachloroperylene bisanhydride monoanhydride diester 8 (130 mg, 0.25 mmol), compound 4
(330 mg, 0.92 mmol), acetic acid (0.40 mL), and anhydrous NMP (14 mL). The reaction
mixture was stirred at 90 °C for 18 h under Ar atmosphere. After being cooled to room
temperature, toluene (100 mL) was added to the reaction mixture and the resultant solution
was washed with slightly acidic water (3 x 200 mL). Organic layer was collected and
evaporated by rotary evaporation. The solid residue was chromatographed on silica using
chloroform as eluent to afford the desired product 9 (131 mg, 44%). '"H NMR (400 MHz,
CDCls): 6 = 8.82-8.76 (m, 6H), 8.65 (d, J= 8.4 Hz, 2H), 8.35 (d, /= 8.4 Hz, 2H), 7.87 (t, J =
8.0 Hz, 2H), 7.58-7.50 (m, 8H), 7.20 (d, J = 8.4 Hz, 2H), 3.58 (t, J = 7.6 Hz, 4H), 1.90-1.82
(m, 4H), 1.58—1.50 (m, 4H), 1.03 ppm (t, /= 7.2 Hz, 6H).

Synthesis of compound 10 (Imido-D2A4): A mixture of compound 9 (60 mg, 0.05
mmol), 4-tert-butylphenol (52 mg, 0.35 mmol) and anhydrous potassium carbonate (48 mg,
0.35 mmol) was stirred for 6 h at 90 °C in anhydrous NMP (12 mL) under an inert
atmosphere. After being cooled to room temperature, toluene (100 mL) was added and the
reaction mixture was extracted with slightly acidic water (3 x 200 mL). The organic phase
was collected, and toluene was evaporated. The solid residue was chromatographed on silica,



eluting with chloroform, to afford the desired product 10 (48 mg, 58%). 'H NMR (400 MHz,
CDCls): 6 = 8.61 (d, J = 7.6 Hz, 2H), 8.50 (d, J = 7.6 Hz, 2H), 8.28 (s, 4H), 8.10 (d, J = 8.4
Hz, 2H), 7.64 (t, J= 7.2 Hz, 2H), 7.46-7.40 (m, 8H), 7.23 (d, /= 7.6 Hz, 8H), 6.84 (d,J=7.6
Hz, 8H), 6.75 (d, J = 8.4 Hz, 2H), 5.25 (s, 2H), 3.45-3.37 (m, 4H), 1.84-1.76 (m, 4H), 1.27
(s, 36H), 1.03 ppm (t, J = 7.2 Hz, 6H). MS (ESI-TOF): [M]" Calculated for C1osHgsNgO12,
1666.67637; found 1666.68261.
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Scheme D. 1 Synthesis of 4—butylam1no substituted naphthalene monoimide precursor 2.

D.2 Structure of Model Compounds
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Figure D. 1 Model compounds D2, A2 and A4 and bay antenna molecule D2A2

D.3 Rehm-Weller Equation

AG =[E, (D)~E, ,(4)] - Ejy(A) - +e2<% ;)(———) (D.1)
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D.4 Photophysical Properties in Toluene
Table D. 1 Photo-physical properties of the reference compounds and donor-acceptor systems in
toluene * Fluorescence Quantum Yield ® Fluoresence lifetime (Nexc =400 nm)

Compounds or” TrL(ns)’
A2 0.95 4.67
Im-D2A2 0.85 1.4(34%)/4.0 (66%)
A4 0.98 5.50
Im-D2A4 0.90 1.3(13%)/5.2 (87%)
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D.5 Excitation Spectrum of Im-D2A2
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Figure D. 2 Excitation spectrum of Im-D2A2 (dashed-line) measured at Ao, = 650 nm along with the

absorption spectrum (solid-line) in benzonitrile

D.6 Time Resolved Florescence Data
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Figure D. 3 Time resolved fluorescence data of Im-D2A2, Im-D2A4 and reference acceptors A2, A4
(a) in toluene (b) in benzonitrile



D.7 Transient Absorption Spectra of Im-D2A4
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Figure D. 4 (a) Time evolution of the femtosecond transient absorption spectra of Im-D2A4
excitation at 430 nm in benzonitrile (b) The spectra of Im-D2A4 with the dissociation of species after
different time delays along with reference donor and reference acceptor

D.8 Transient Absorption Spectra of Reference Compounds
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Figure D. 5 Time evolution of the femtosecond transient absorption spectra in benzonitrile of (a) D2

excitation at 430 nm (b) A2 excitation at 530 nm (c) A4 excitation at 580 nm
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ummary

In nature, solar energy conversion occurs with a process called photosynthesis. Although the
overall energy efficiency of the storage of the energy of sunlight into biomass is low, the
individual photophysical processes that occur have a high quantum yield. In the latter sense,
natural photosynthesis can serve as a valuable inspiration for the design of artificial light
harvesting systems with the final goal of achieving efficient energy conversion. In this thesis,
different approaches are explored to construct new artificial light harvesting systems with a
special focus on the systematic study of the individual photophysical processes that take
place.

In Chapter 2, we report on the synthesis and the photophysical properties of a series
of donor-acceptor molecules where the strength of the acceptor is varied systematically. In
these molecules, electron donating 4-methoxyphenyl groups are attached to 1,7 bay positions
of four different perylene tetracarboxylic acid derivatives. Additionally, two more molecules
were synthesized where a 4-methoxyphenyl group is attached at imide position.
Photophysical characterization, both by steady state and time-resolved spectroscopy, showed
that, charge transfer from donor to acceptor in these compounds depends on three variables:
solvent polarity, the electronic nature of perylene core (acceptor strength) and the position of
donor. The electronic nature of perylene core affects charge transfer such that perylene tetra
esters, which constitute the least electron deficient core in the series, show charge transfer
only in polar acetonitrile. By changing the core to a perylene monoimide, the electron
deficiency of the perylene core is increased, leading to charge transfer being observable in
chloroform already. The most electron deficient perylene core, perylene bisimide, shows
charge transfer in both polar and nonpolar solvents. Using transient absorption spectroscopy
and density function theory calculations, we show that the initial excited state is localized on
the acceptor, but that charge transfer occurs almost instantaneously. The position of the donor
(bay-area vs. imide position) was found to have a deciding effect on the rate and efficiency of
charge transfer. Changing the donor position from bay to imide results in disappearance of
charge transfer. This study indicates approaches to influence charge transfer that occurs in
donor-substituted perylene dyes that will be valuable in later chapters.

In Chapter 3, we used the information from Chapter 2 to develop new light
harvesting systems. Two naphthalene chromophores that act as energy donors were attached
to the 1,7-bay positions of perylene-3,4,9,10-tetracarboxy derivatives. As a rule, artificial
light harvesting systems should have a good spectral coverage to harvest as much of the solar
spectrum as possible. All antenna systems described in Chapter 3 have absorption features
between 350 and 580 nm. In addition, the absorption of the model acceptors and the emission
of the model donor have a sufficient spectral overlap, which is a requirement for an efficient
excited energy transfer (EET) by the Forster mechanism. Energy transfer in these compounds
was studied by steady state and time-resolved spectroscopy using the non-polar solvent
toluene. We observed that after selective excitation of the naphthalene donor-moiety the



excited state energy is transferred to the perylene acceptor within a picosecond. The excited
perylene acceptor decays back to the ground state by fluorescence on a nanosecond time-
scale. This time-scale is comparable to the fluorescence lifetime of the unsubstituted acceptor.
No photoinduced charge transfer was observed although it is possible thermodynamically. It
is concluded that this might be due to rigid phenol linker in between donor and acceptor.

In Chapter 4, we used the same antenna systems as in Chapter 3 and a new compound
called D1A3 and studied the effect of solvent polarity on the excited state dynamics. As noted
above, all compounds absorb in the visible and they all show energy transfer on a picosecond
timescale. This energy transfer was found to be independent of solvent polarity and only
slightly affected by the molecular structure. On the other hand, charge transfer can be
expected to depend on both solvent polarity and molecular structure. For the donor-acceptor
molecules with a strong electron donor and electron acceptor, we observed the occurrence of
charge transfer in chloroform (D2A3 and D3A3), after the initial very fast energy transfer.
The charge transfer in chloroform is slow 7cr ~1.7-2 ns, and comparable with the
fluorescence rate of the acceptor. In benzonitrile, the same two antenna systems and also
D2A2 exhibit much faster charge transfer on a 120 ps timescale. In the remaining antenna
system only energy transfer is observed even in the highly polar benzonitrile, which is due to
the reduced driving force for charge separation.

In Chapter 5, based on the knowledge from the previous chapters, we turn our
attention to the properties of donor-acceptor model systems where the energy donor is
attached to the imide position. Two new antenna molecules were synthesized and their
photophysical properties were studied in benzonitrile. This study reveals that the undesired
charge transfer that was observed when introducing the donor moieties in the bay area can be
controlled in an effective manner by placing the energy donors at the imide positions. For
both perylene monoimide and bisimide acceptors the charge transfer that was observed for the
bay area analogues was completely absent, even in benzonitrile solvent. This strongly reduced
tendency to give charge transfer is due to a combination of a large charge separation distance,
thus reducing the driving force for charge separation, combined with a small electronic
coupling for charge transfer through the imide nitrogen. At the same time, the energy transfer
is largely maintained, as the energetics are not influenced by the transfer distance, as they are
for charge separation.

To conclude, in this thesis a detailed overview is presented on the photophysics of
perylene-based donor acceptor systems. It is shown that the dynamics of energy transfer, the
spectral coverage of the artificial antennas and the extent to which (unwanted) charge transfer
occur can be influenced by altering the architecture of the antenna systems and the solvent
surroundings. This offers new insights that can eventually lead to efficient light-harvesting
antennas that can be applied in devices for artificial photosynthesis.

SUMMARY



amenvatting

In de natuur vindt de conversie van zonne-energie plaats in het zogenoemde fotosynthese
proces. Hoewel de totale efficiéntie van de opslag van de energie van het zonlicht in de vorm
van biomassa laag is, is de kwantum-efficiéntie van de individuele fotofysische processen erg
hoog. Gezien dit laatste feit kan natuurlijke fotosynthese dienen als een waardevolle
inspiratiebron voor het ontwerpen van kunstmatige systemen om licht te oogsten. Het
uiteindelijke doel hiervan is het efficiént omzetten van energie. In dit proefschrift worden
verschillende aanpakken bestudeerd on nieuwe licht-oogstende systemen te maken, met
speciale aandacht voor het systematisch bestuderen van de individuele fotofysische processen
die plaatsvinden.

In Hoofdstuk 2 worden de synthese en de fotofysische eigenschappen van een series
donor-acceptor moleculen beschreven. In deze moleculen wordt het elektron-stuwende of
zuigende karakter systematisch gevarieerd. In de moleculen die zijn bestudeerd zijn elektron-
stuwende 4-methoxyfenyl groepen gebonden aan de 1,7 (bay) posities van vier verschillende
peryleen-tetracarbonzuur verbindingen. Hiernaast zijn er nog twee extra moleculen
gesynthetiseerd waarin de 4-methoxyfenyl gebonden is op de imide-positie. Fotofysische
karakterisatie van deze moleculen, zowel met steady-state als tijdsopgeloste spectroscopie laat
zien dat ladingsoverdracht in deze verbindingen afhankelijk is van drie variabelen: de
polariteit van het oplosmiddel, de elektronenstructuur van de peryleen-kern (het elektron
zuigende karakter) en de positie van de elektron stuwende groep. Als de peryleen kern bestaat
uit een peryleen-tetra-ester, de minst elektron deficiénte acceptor in de serie, treedt alleen
ladingsoverdracht op in het polaire oplosmiddel acetonitril. Wanneer de kern wordt veranderd
in een peryleen-monoimide wordt het elektron deficiénte karakter verhoogd waardoor er in dit
geval al in chloroform landingsscheiding optreedt. De meest elektron deficiénte kern laat
elektronoverdracht zien in zowel polaire als apolaire oplosmiddelen. Met behulp van
transient-absorptie  spectroscopie en  dichtheids-functioneel theorie  berekeningen
demonstreren we dat de initi€le aangeslagen toestand gelokaliseerd is op de acceptor, maar
dat ladingsoverdracht vrijwel instantaan optreedt. De positie van de donor (bay-positie
tegenover de imide positie) heeft een doorslaggevend effect op snelheid en efficiéntie van
ladingsoverdracht. Door het veranderen van de donor van de bay- naar de imide positie
verdwijnt de ladingoverdracht volledig. Deze studie geeft inzicht in benaderingen om
ladingsoverdracht in donor-gesubstitueerde peryleen te beinvloeden en is van belang voor
volgende hoofdstukken.

In Hoofdstuk 3 gebruiken we de informatie uit hoofdstuk 2 voor het ontwerpen van
nieuwe licht-oogstende moleculen. Twee naftaleen chromoforen die zich gedragen als
energie-donoren zijn vastgemaakt aan peryleen-3,4,9,10-tetracarbonzuur verbindingen op de
1, 7-bay posities. Als regel moeten kunstmatige licht-oogstende moleculen een zo groot
mogelijk deel van het licht van de zon absorberen. Alle antennesystemen die beschreven
worden in hoofdstuk 3 absorberen licht met golflengtes tussen 350 nm en 580 nm. Hiernaast



is de spectrale overlap van de absorptie van de acceptor en de emissie van de donor voldoende
groot. Dit laatste is een vereiste voor efficiénte aangeslagen-toestandsenergy overdracht
volgens het Forster mechanisme. We hebben energieoverdracht in deze systemen bestudeerd
met behulp steady-state en tijdsopgeloste spectroscopie in het apolaire oplosmiddel tolueen.
Na selectieve absorptie van licht in de naftaleen energie-donor wordt de aangeslagen-
toestandsenergie binnen een picoseconde overgedragen naar de peryleen-acceptor. De
aangeslagen toestand van de peryleen-acceptor vervalt terug naar de grondtoestand door
fluorescentie op een nanoseconde tijdschaal. Deze tijdschaal komt overecen met de
fluorescentielevensduur van de ongesubstitueerde acceptor. Voor deze verbindingen wordt in
tolueen geen foto-geinduceerde ladingsoverdracht gezien, hoewel dit thermodynamisch
gezien in eerste benadering wel mogelijk zou moeten zijn. Dit zou kunnen komen door de
rigide phenol-linker tussen de donor en de acceptor.

In Hoofdstuk 4 gebruiken we dezelfde antennesystemen als in hoofdstuk 3 en een
nieuwe verbinding genaamd D1A3 om het effect van de polariteit van het oplosmiddel op de
aangeslagentoestandsdynamica te bestuderen. Zoals hierboven beschreven absorberen alle
verbindingen in het zichtbare gebied en laten ze allemaal energieoverdracht zien op een
picoseconde tijdschaal. In dit hoofdstuk laten we zien de snelheid van ladingsoverdracht
onafhankelijk is van de polariteit van het oplosmiddel, en slechts zwak athankelijk van de
moleculaire structuur. In tegenstelling tot energieoverdracht wordt voor ladingsoverdracht wel
een sterke afhankelijkheid verwacht van de polariteit van het oplosmiddel en van de
elektronenstructuur van het molecuul. Voor de donor-acceptor moleculen met een sterke
elektron donor en acceptor (D2A3 en D3A3) zien we ladingsoverdracht in chloroform,
volgend op initiéle energieoverdracht. De ladingsoverdracht in chloroform is langzaam, fcr
~1.7-2 ns, en vergelijkbaar met de fluorescentie levensduur van de acceptor. In benzonitril
laten dezelfde twee antenne systemen, alsmede D2A2 veel snellere ladingsoverdracht zien op
een tijdschaal van ~120 ps. In de overige antenne systemen werd alleen energyoverdracht
gezien, zelfs in de sterk polaire oplosmiddelen. Dit laatste komt door de gereduceerde
drijvende kracht voor ladingsscheiding.

In Hoofdstuk 5, verleggen we de aandacht naar donor-acceptor modelsystemen waar
de energiedonor is gekoppeld via de imide positie. Hiervoor zijn twee nieuwe antenne
systemen gesynthetiseerd en hun fotofysische eigenschappen zijn bestudeerd in benzonitril.
Deze studie laat zien dat de ongewenste ladingsoverdracht die werd gezien wanneer de donor-
groepen op de bay posities geplaatst werden volledig afwezig is, zelfs als benzonitril als
oplosmiddel wordt gebruikt. Deze sterk gereduceerde tendens om ladingsoverdracht te
vertonen is het gevolg van een combinatie van de grotere afstand voor ladingsscheiding en de
kleine elektronische koppeling door de imide-binding. Tegelijkertijd blijft het vermogen om
energieoverdracht te geven vrijwel volledig behouden omdat hiervoor de drijvende kracht niet
word beinvloed door de overdrachtsafstand, wat voor ladingsoverdracht wel het geval is.

In Hoofdstuk 6 wordt een verder studie van energieoverdracht vanaf de imide positie
beschreven, waarbij gebruik gemaakt word van drie nieuwe antenne systemen. In deze
systemen is de naftaleen-donor aan de peryleen-bisimide acceptor gekoppeld op de imide
positie, maar hiervan gescheiden door een fenyl-brug van toenemende lengte. Alle antenne
systemen absorberen licht tussen 350-550 nm. Na initi€éle excitatie van de donor vind
energieoverdracht plaats naar de acceptor. De snelheid van energieoverdracht neemt sterk af
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met toenemende afstand tussen de donor en acceptor, zoals verwacht voor de
afstandsafhankelijkheid van Forster energieoverdracht die afneemt met 1/r°. Er vindt voor
geen enkel geval fotogeinduceerde ladingsoverdracht plaats, wat consistent is met de
observaties in Hoofdstuk 5.

Ter conclusie, in dit geeft een gedetailleerd overzicht van de fotofysica van peryleen-
gebaseerde donor-acceptor systemen. Er wordt gedemonstreerd dat de dynamica van
energieoverdracht, het spectrale bereik van de kunstmatige antenne systemen en de mate
waarin (ongewenste) ladingsoverdracht plaatsvind beinvloed kan worden door het veranderen
van de architectuur van de antenne systemen en hun oplosmiddel omgeving. Dit geeft nieuwe
inzichten die uiteindelijk kunnen leiden tot efficiénte licht-oogstende antennes die kunnen
worden toegepast in apparaten voor kunstmatige fotosynthese.
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