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1
INTRODUCTION

Parts of this chapter are based on: Felter, K. M. and Grozema, F. C. (2019). Singlet Fission in Crystalline Organic
Materials: Recent Insights and Future Directions. The Journal of Physical Chemistry Letters, 10(22), 7208-7214.
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2 1. INTRODUCTION

1.1. INTRODUCTION
Conjugated organic materials have been studied widely over the last few decades be-
cause of their potential application in optoelectronic devices. Two of the breakthrough
discoveries in this sense are the observation of electrical conductance in polydiacetylene
in 1977 by Shirakawa, MacDiarmid and Heeger1 in 1977 for which they were awarded
the Nobel prize in 2000 and the observation of electroluminescence by Burroughes et
al.2 These discoveries set off a whole field of research where organic materials are con-
sidered as the active material in a wide variety of devices, including transistors, light-
emitting diodes and lasers, photodetectors, and solar cells. Conjugated organic mate-
rials have several advantageous properties that make them interesting for such applica-
tion, including light weight, mechanical flexibility and a low processing cost. In addition,
organic chemistry allows a wide tunability in the properties of the materials, including
the optical absorption and emission properties and the ability to transport charge. A
particularly interesting aspect of conjugated organic molecules is that they can also be
designed to exhibit uncommon photophysical processes such as singlet fission and the
reverse process, triplet-triplet annihilation upconversion. These uncommon processes
involving triplet excited states are the focus of this thesis.

In this chapter we give a brief overview of the field of singlet fission and upconversion
and discuss some other relevant processes that are related such as triplet energy transfer
and diffusion. Finally, a brief outline of this thesis will be given.

1.2. SINGLET EXCITON FISSION
Singlet exciton fission (SF) is a photophysical process by which a singlet excited state is
converted into two triplet excited states, each with about half of the energy of the initial
singlet. SF was initially described in the 1960s and 1970s as an explanation for the ob-
served delayed fluorescence in acene crystals.3,4 In the early 2000’s the interest in singlet
fission was renewed as it was realised that it could be exploited as a route to increase the
photon-to-electricity efficiency of organic photovoltaic devices (OPV). Incorporation of
singlet fission into OPV devices can boost its maximum attainable photon-to-electricity
efficiency from 33 to 47% by minimizing the thermal relaxation losses included in the
Shockley-Queisser limit.5 Such increases will be hard to reach in practice, but simula-
tions have indicated that combining a SF layer with a state-of-the-art silicon solar cell
can increase the efficiency by up to 4.2% absolute.6

In order to capitalize on the promise of singlet fission for improving the efficiency of
organic solar cells both the yield of SF itself and the separation of the generated triplets
into charge carriers are essential requirements. Currently, efficient extraction of charges
after singlet fission has been demonstrated in only a few systems, with low efficiency
or limited to very specific excitation wavelengths.7–9 Most work on such devices and
other more fundamental SF research is done on molecules that belong to the acene fam-
ily. However, these acenes do not possess all the characteristics that are optimal when
considering SF-based OPV devices.10 A specific problem related to acenes is that they
are particularly prone to photodegradation.11 Therefore, fundamental knowledge on the
mechanism and dynamics of SF in solid-state systems is essential in establishing guide-
lines for the design of chromophores that do possess optimal SF characteristics. These
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characteristics include minimally exoergic, ultrafast and highly efficient but displaying
good charge transport properties.12 Important electronic and structural conditions that
play a role in attaining optimal SF characteristics include (1) fulfilment of adiabatic en-
ergy conditions E(T2)−E(S0) > E(S1) and, E(S1)−E(S0) ≥ 2[E(T1)−E(S0)], (2) a suit-
able molecular packing that optimizes the intermolecular electronic coupling for SF but
at the same time minimizes competitive singlet deactivation pathways and (3) efficient
separation of triplet excited states into free charges.

These electronic and structural conditions for SF have been explored in a multitude
of theoretical studies. First of all, electronic structure calculations by time-dependent
density functional theory or configuration interaction-based methods from which accu-
rate S1, S2, T1 and T2 energies are obtained allowed the identification of SF candidates
based on the adiabatic energy conditions.13,14 Second, calculations of the electronic cou-
pling for singlet fission have been mostly calculated in dimer systems, revealing that the
molecular packing strongly affects the fission rate and yield. In order to study the dy-
namics of fission and explore the importance of different pathways, density matrix prop-
agation methods have been used. The latter have also emphasized the role of vibronic
coupling in the singlet fission process.15 These theoretical studies on SF in dimers have
resulted in many new insights, however, the subsequent processes, such as the disso-
ciation of the correlated triplet pair into free triplets, the diffusion of triplets and their
separation into free charges, have remained largely unexplored. The latter processes are
of pivotal importance when SF compounds are to be applied in the solid-state in actual
devices.

Crystalline organic materials offer an ideal platform for experimental studies on SF
dynamics as the intermolecular packing in the solid can be controlled by altering the
chemical structure of the individual molecules. Moreover, they naturally consist of ex-
tended arrays of molecules where the coherent triplet pair state can separate into un-
coupled triplets.16 Furthermore, the solid-state structure allows the study of the relation
between the nature of the excited state, and exciton transport and charge separation.17

It should be noted that efficient SF has also been reported for polycrystalline and amor-
phous materials with high efficiency, showing that sufficiently strong electronic interac-
tions exist in such systems.18,19 The drawback of such systems is that they are less well-
defined and hence it is more difficult to derive detailed structure-property relations.

BASIC QUANTUM CHEMICAL DESCRIPTION OF SF
A first order picture of the states involved in transforming a singlet into a combination
of two triplets is given in Figure 1.1 where the SF process starts from the S1 state. This S1

excited state is, in first approximation, considered to be localized on a single molecule,
but can also be a delocalized exciton state. After the initial excitation, the multi-exciton
triplet state or correlated triplet pair state 1(TT) can be formed via the direct pathway
(blue arrow). Alternatively, SF may proceed through virtual intermediate states that
have charge transfer (CT) character, provided that these states are not too high in energy
(green and orange arrow).10 These different energy states of the system involving two
molecules A and B can be expressed in a ’basis’ of diabatic states in the singlet ground-
state SA

0 SB
0 , localized excited singlets SA

1 SB
0 and SA

0 SB
1 , a lowest energy triplet pair or cor-

related triplet pair 1(TA
1 TB

1 ) and the charge transfer states 1(C+AA−B ) and 1(A−AC+B ). In
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this description C+ represents the ground-state of a radical cation while A− represents
the ground-state of the respective radical anion. In the following discussion we will omit
the superscripts A and B that denote the SF dimer components for clarity. Using these
diabatic basis states we can write the rate of the singlet fission process in terms of the
electronic Hamiltonian operator Hel .

Figure 1.1: Schematic representation of the direct (blue lines) and indirect, CT-state mediated (green and
orange) singlet fission mechanism. The matrix elements are shown in bracket notation that represent the
electronic coupling involved in the mechanism steps.

The simplest quantum mechanical description of the SF rate, w(SF), via the direct
pathway is governed by the electronic coupling between S1S0 and 1(TT),

〈
1T T | Hel | S1S0

〉
and in a first order perturbation theory approximation is given by

w(SF ) =
(

2π

ħ
)∣∣〈1(T T ) |Hel |S0S1

〉∣∣2
ρ[E ] (1.1)

where ρ[E ] is the Franck-Condon weighed density of states at E = E(S0S1) = E 1(T T ).
The matrix element for this direct pathway,

〈
1T T |Hel |S1S0

〉
, is usually very small, even

though energetically this is the most favourable process and the expression for w(SF)
improves by incorporating terms from additional electronic states. Incorporating path-
ways due to additional electronic states such as charge transfer states can significantly
increase the SF rate from that of the simple direct pathway in Equation 1.1, depending
on the energy of these states. Important virtual states that play a role are low energy
CT-states and result in additional matrix terms

〈
1C A |Hel |S1S0

〉
,
〈

1 AC |Hel |S1S0
〉

and〈
1T T |Hel |1 AC

〉
,
〈

1T T |Hel |1 C A
〉

from interaction with the S0S1 and TT states. A sim-
plified Hamiltonian matrix for a dimer system in terms of the singlet CT and triplet pair
states is, given in Equation 1.2, with the excited states energies on the diagonal and the
electronic coupling between the different states on the off-diagonals. The blue elements
are involved in the direct pathway, while the green and orange matrix elements are in-
volved in the virtual intermediate pathway.
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Hel =



E(S0S1) 0 tLL −tH H t2e

0 E(S1S0) −tH H tLL t2e

tLL −tH H E(C T ) 0
√

3
2 tLH

−tH H tLL 0 E(C T )
√

3
2 tHL

t2e t2e

√
3
2 tLH

√
3
2 tHL E(T1T1)

 (1.2)

The matrix elements that make up the Hamiltonian in Equation 1.2 are strongly de-
pendent on the mutual orientation and distance of neighbouring molecules, which is
intricately linked to the nodal structure of the frontier molecular orbitals. A typical ex-
ample orbital schematic is shown in Figure 1.2 for the charge transfer coupling matrix
element, tHL , which involves coupling between the HOMO (h) and LUMO (l) orbitals on
molecules A and B. In this case, in a perfect face-to-face stacking arrangement the cou-
pling is exactly zero, while a slip-stacked geometry leads to a maximum in the coupling.
A similar picture exists for the electronic coupling of the direct process, t2e , however the
maximum coupling will occur at a different displacement.

Figure 1.2: Schematic representation of frontier molecular orbitals (HOMO and LUMO) and their overlaps for
a perfect stacking and slipped stack configuration of two PDI molecules. The slipping directions along the
long axis (x) and short axis (y) are indicated as used in Figure 1.3.

The strong connection between the stacking geometry in the crystal and magnitude
and sign of the coupling matrix elements directly points to ways to optimize the initial
step in singlet fission. If the mutual orientation, or the degree of ’slipping’ in a slip-
stacked structure can be controlled it is possible to systematically study the relation be-
tween structure and SF efficiency. An example of a class of materials where this is pos-
sible are perylenediimides, where the crystal structure can be tuned to a large extent
by varying the substituents on the imid position.20 Using the geometry dependent elec-
tronic coupling matrix elements, we have shown recently that strong differences are to
be expected for different PDI derivatives.21 Using the Hamiltonian matrix in Equation
1.2 in a Redfield density matrix propagation study, insight was obtained in the dynamics
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of the initial fission process for different geometries.15,21 A map of the resulting rates for
different geometries, shown in Figure 1.3a shows a strong dependence of the SF rate on
geometry. In addition, in such a model-Hamiltonian study it is possible to look at the
contributions of the individual pathways, i.e. direct vs. CT-mediated. In this particu-
lar example the geometry dependence of these two pathways is markedly different as
shown in Figure 1.3a, but it is also clear that the overall process is dominated by the CT-
mediated contribution.15,21 Experimentally, the strong effect of the molecular packing
on SF dynamics was confirmed by femtosecond transient absorption experiments,22–24

although the described rates are of a different order of magnitude as shown in Figure
1.3c. The latter can be due to assumptions made on the energy of the different states
involved. A similar correlation between structure and SF dynamic has been described
for the acene family where slip stacking is also shown to benefit SF in tetracene and
pentacene making it faster and more efficient when compared to less ordered derivative
structures.22,25–27

Figure 1.3: a) Singlet fission rates as obtained via the direct and CT-mediated pathways (a) and the overall SF
rate as a function of translation along the short (y) and long axis as indicated in Figure 1.2 (b). (c) Comparison
of the calculated and experimental SF rates.

All examples mentioned here primarily relate to the initial fission process in a dimer
picture and in a simplified basis with very few states involved. In reality, the relevant
states are not so rigorously disconnected and mixed states exist. This is for instance
evident from configuration interaction calculations where it is shown that the coherent
triplet pair state often has a complex composition, including also CT determinants and
mixing of singlet and quintet character.28–30 This has also been shown experimentally.31

In the large majority of theoretical studies, the focus is on the initial triplet pair state
in a dimer. However, if the energy of the two triplets is to be harvested efficiently, the
subsequent process where this pair state is split up into two individual triplets that can
freely diffuse is essential. This requires extended systems with a detailed description of
decoherence, which is a challenge for theoretical work in this field.
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ELECTRON - PHONON INTERACTION: VIBRONIC COUPLING

Apart from the electronic coupling there is substantial evidence from experiments and
theory that the interaction of the exciton with inter- and intramolecular vibrational modes
significantly affects singlet fission.32 This can be due to energy provided to bring the sin-
glet and triplet state in resonance or due to fluctuations in the electronic coupling ma-
trix elements.33 This electron-phonon (vibronic) coupling can be referred to as Peierls
and Holstein for defining exciton coupling with intermolecular and intramolecular vi-
brational modes, respectively.

Following the Redfield density matrix study on SF dynamics in PDI molecules, the
inclusion of Peierls vibrational coupling in the simulation was shown to result in acceler-
ated triplet pair state formation from a picosecond to sub-picosecond time scale.15 The
rate acceleration was shown to be unaffected by the CT-state level energy from which
the authors deduced that the CT-state acts as a virtual intermediate in a superexchange
singlet fission mechanism. Similar findings were reported for acenes, where Holstein
vibronic coupling increased the singlet and triplet pair state coupling in tetracene.34

Secondly, in pentacene the incorporation of coherent vibrational mixing was found to
accelerate SF.35,36

These vibronic effects cannot be measured directly in linear transient absorption
measurements, but such techniques do allow the detection of coherent phonons from
the presence of strong oscillations at early times (one ps) in photoinduced absorption
or emission measurements.37–41 The frequency of such oscillations can be compared to
FT Raman spectra of the same material to confirm that these coherent phonon signa-
tures are indeed related to specific vibrational modes that influence different excited
state processes. Relating these vibronic coupling effects to different excitonic states
can be achieved with complex two-dimensional spectroscopic techniques such as four-
wave mixing. Two-dimensional spectroscopy allows monitoring both the electronic and
electron-phonon coupling between electronic states and the excitation pathway by which
they are created.42 Normally the triplet pair state cannot be directly observed due to
its low oscillator strength and needs to be obtained from a SF global or target analysis
model31,43,44, although very recently ultrafast mid-IR spectroscopy did allow the direct
observation of triplet pair states.45,46

One example of a four-wave mixing technique that is used for studying singlet fis-
sion is two-dimensional electronic photon-echo spectroscopy (2DES).37,47 A 2DES study
on thin films of pentacene and derivatives, revealed the presence of an otherwise dark
triplet pair state. This observation was possible due to the increased sensitivity of the
2DES technique, in comparison to regular pump-probe absorption spectroscopy.37 Fur-
thermore, quantum beating signatures were observed in the kinetic traces of singlet
and triplet pair states that corresponded to vibronic modes observed in Raman spec-
tra. These vibronic modes were found to be present in both the spectral region of the
singlet exciton and triplet pair state, indicating their influence in mixing the two states.
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A COHERENT AND INCOHERENT SINGLET FISSION MECHANISM
The relevance of vibrational mode coupling and CT-state intermediate mixing in acceler-
ating intermolecular singlet fission is generally accepted.32 However, the extent to which
both factors are involved depends on the singlet fission mechanism that one follows. A
schematic representation for the singlet fission process is shown in Figure 1.4a where
the singlet excited state S1 can form an electronically coupled (electronically coherent)
triplet pair state or an electronically decoupled (electronically decoherent) triplet pair
state.48 The formation of the electronically coherent triplet pair state can be described
by a coherent quantum mechanism as described above, or by an incoherent mechanism
that allows a classical kinetic treatment. In the incoherent mechanism, a photoexcited
singlet state (1) evolves into a triplet pair state 1(TT) (1) as the electronic coupling be-
tween S1 and 1(TT) is weaker than their coupling to the phonon bath and is therefore a
thermally assisted process. On the other hand, in the coherent mechanism the photoex-
citation creates an excited state that is a superposition of singlet, CT and 1(TT) (2). Re-
cent experiments38–40 show that both mechanisms occur concurrently during the singlet
fission process at different time scales. The observation of such a dual mechanism can be
expected as photoexcitation generates a superposition of a singlet excited state, triplet
pair states and CT intermediate states. Such superposition states created by coherent
excitations can explain ultrafast femtosecond time scale SF rates. The extent to which
these different species are formed within the superposition depends on the excited state
energetics which in turn is dictated by the singlet fission chromophore and its molecular
packing.32 Furthermore, quantum calculations show that such coherent excitations are
only possible when a conical intersection exists between singlet and triplet pair state39

as described earlier.41 The slower SF component, on the order of hundreds of femtosec-
onds, may then come from the incoherent mechanism for forming 1(TT). The loss in
electronic coherence of 1(TT) to form two spin entangled but electronically decoupled
triplets 1(T··T) can occur by coupling to the phonon bath, i.e. vibronic coupling and by
physical separation occurring via triplet energy transfer that is driven by enthalpic and
entropic driving forces (3). Finally, the loss in spin coherence or spin coupling between
triplets can occur slowly on nanosecond to microsecond time scale (4).
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Figure 1.4: a) Schematic energy diagram illustrating the different electronic processes and states involved in
SF: Photoexcitation from the ground-state (1) creates a superposition state of S1, CT and 1(TT)0 involving
interstate conversion between S1 and 1(TT)0 (2). Subsequently, 1(TT)0 loses electronic coupling during
physical triplet state separation and phonon bath interaction and forms 1(T··T) (3). The final step is the spin
decoherence resulting in the formation of free triplets (4). b) Schematic representation of triplet exciton
formation from singlet fission. The photoexcited superposition state is composed of S1S0, CT and 1(TT) state
whose formation rate depends on the state mixing. The 1(TT) state can electronically and spin decohere to
form individual separate triplet that can diffuse.

TRIPLET-TRIPLET ANNIHILATION UPCONVERSION
As shown in Figure 1.4b, the process opposite to SF is triplet-triplet annihilation upcon-
version (TTA-UC) where one high-energy excited state is generated from annihilation of
two triplets. This process can in principle be used to harvest low energy photons that
are normally not absorbed in a solar cell. TTA-UC typically involves a combination of
two chromophores, a triplet sensitizer that absorbs light and efficiently converts it into
triplets, and an triplet acceptor or upconvertor in which the triplet-triplet annihilation
process takes place.

TTA-UC can be achieved by a sequence of processes that is schematically outlined
in Figure 1.1. This sequence starts with the absorption of light in the near-infrared re-
gion, between 700 and 1000 nm, by a triplet sensitizer (TS). The singlet excited state that
is formed upon absorption should be efficiently transformed into a triplet excited state
by inter-system crossing. The lifetime of this triplet state has to be long, in the range of
microseconds or beyond, because it should eventually diffuse and transfer its energy to
a triplet acceptor (TA). This diffusion process can be either through molecular diffusion
in a liquid or by triplet energy transfer in solid materials. When multiple triplet excited
states are present close together in the TA material, two of them can combine into a sin-
glet excited state by so-called triplet-triplet annihilation, resulting in a singlet. Finally,
this singlet excited state can fluoresce in the visible region, which effectively concludes
the process of converting infrared photons into visible light that can be used in a vari-
ety of application. The presence of the TA materials is critical in this sequence because
triplet-triplet annihilation in the TS material would lead to higher excited state that re-
laxes and will eventually become a triplet again by intersystem crossing. In all the out-
lined here processes the energies of the different species and their ability to migrate are
important issues and there are several requirements for the combination of molecules
that are used to achieve upconversion:

• TS should absorb in the IR and efficiently convert the singlet excited state into
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triplets.

• The triplet excited state of TS should have a long lifetime.

• The triplet diffusion toward TA should be efficient.

• Triplet-triplet annihilation to form a singlet should be efficient.

• The singlet state formed should fluoresce with a high quantum yield.

These requirements also summarize the relevant underlying processes that should
be optimized to arrive at a material that efficiently upconverts infrared photons. In the
project proposed here these processes will be studied by time-resolved spectroscopic
techniques.

Figure 1.5: Schematic overview of the TTA-UC process where initial absorption of a low energy photon in the
triplet acceptor leads to a singlet excited state that is quickly converted into a triplet state by intersystem
crossing (ISC). This triplet excited state is subsequently transferred to the triplet acceptor by Dexter energy
transfer where triplet-triplet annihilation takes place. This can either be followed by emission or by injection
into an electron accepting substrate such as TiO2.

While this general principle has been shown in solution49 and in glassy polymer
matrices,50 this project aims to take it a substantial step forward by utilizing true solid-
state processes rather than relying on molecular diffusion as in earlier examples. A pos-
sibly improved implementation is to use a full solid-state device where the annihila-
tion process does not involve molecular diffusion in solution of glassy matrices but the
triplets move by Dexter energy transfer through the crystalline material. This possibility
will be explored in Chapter 4.
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TRIPLET DIFFUSION

As mentioned above, one requirement for application of SF chromophores in photo-
voltaics is to have a sufficiently high triplet diffusion coefficient. In this context one can
perceive triplet diffusion as the diffusion of individual triplet states that may intercon-
vert to singlet states via the triplet-triplet annihilation pathway as represented in Figure
1.4b.51 Alternatively, triplet diffusion can be understood as correlated triplet pair diffu-
sion where the triplets have mixed singlet-triplet character.17,52 In order to gain more
insight into the exact nature of mixed singlet triplet character and its diffusion we treat
the definitions of pure singlet and triplet energy transfer.

SINGLET AND TRIPLET ENERGY TRANSFER

Energy transfer involves the movement of an electronically excited state from one molec-
ular entity to another. The description of energy transfer In general the description of
these processes proceeds from Fermi’s Golden Rule, where the rate of transfer, k, is given
by:

k = 2π

ħ V 2
EnTρ (1.3)

where VEnT is the electronic coupling matrix element and ρ is the vibrational density
of states. The value of VEnT is the main factor in determining how the rate of energy
transfer depends on the nature of the excited state (singlet vs. triplet) and on the mutual
distance and orientation of the two chromophores between which energy transfer takes
place. For the transfer of singlet excited states the electronic coupling matrix element
can be expressed in terms of the transition dipole moments of the optical transitions
localized on the individual chromophores according to the Förster model:

|VEnT |= | κ |
4πε0

| −→µD || −→µA |
R3

D A

(1.4)

Where | −→µD | and | −→µA | are the transition dipole moments for transitions on the
two individual chromophores between which the energy transfer takes place, RD A is the
center-to-center distanc e between the two chromophores andκ is the orientation factor
given by

κ=−→eD ·−→e A −3(−→eD ·−−→rD A)(−→e A ·−−→rD A) (1.5)

Where −→eD and −→e A are unit vectors along the transition dipole moment of the donot
and acceptor, and −−→rD A is a unit vector along the direction connecting the centers of the
two chromophores.

Including this expression for VEnT in Fermi’s Golden Rule leads, to the overall expres-
sion of the Förster energy transfer rate in terms of the transition dipole moments:

kF ör ster = | κ |2
8ħπε2

0

| −→µD |2| −→µA |2
R6

D A

∫
FD (E)A A(E)dE (1.6)
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Where FD and A A are the line shape of the donor emission and the acceptor absorp-
tion spectrum, respectively. Conceptually, the overall process can be seen as the emis-
sion of a ’virtual’ photon from the energy donor, followed by reabsorption of that photon
by the energy acceptor.

For triplet excited states, the transition dipole moments from the ground to the ex-
cited state are zero by definition, meaning that according to the approximations made
in the derivation of the Förster model, energy transfer is completely forbidden. Dexter
mechanism, where less severe approximations are made since the exchange coupling
between the chromophores is not neglected, is generally invoked to describe transfer of
triplet excited states. The Dexter rate is given by:

kDexter = 2π

ħ K
∫

FD (E)A A(E)dE exp

(−2RD A

L

)
(1.7)

Where K is a parameter that describes tunnelling of electrons between the two chro-
mophores and L is the sum of the Van der Waals radii of the two chromophores. Concep-
tually, in the Dexter model, the transfer of triplet excited states can be seen as simultane-
ous transfer of two electrons and decays much faster with distance than Förster energy
transfer. The rate of triplet energy transfer in generally several orders of magnitude lower
than from singlet excited states.

EXPERIMENTAL APPROACHES TO STUDY TRIPLET DIFFUSION
A variety of experimental techniques allow the study of triplet diffusion in solid-state ma-
terials such as transient absorption spectroscopy, photoluminescence and microwave
conductivity.53 These studies are necessary as molecular packing and macroscale crys-
talline domain size are important factors that determine diffusion properties and cannot
(easily) be modelled theoretically or studied in solution.54 However, these techniques are
either limited to measuring the ensemble sample morphology (as is the case in transient
absorption) or are limited by the spectral features necessary to determine specific ex-
citon species. A recently developed optical measurement technique that tackles both
issues is transient absorption microscopy. This measurement technique allows ultra-
fast (200 fs time resolution) and spatial optical probing of excitons on a micro- and
macroscale with a 50 nm spatial resolution.17 As such, the investigators were able to
study triplet exciton diffusion in a variety of singlet fission chromophores and found that
singlet-mediated triplet transport, i.e. exciton with mixed singlet-triplet character in-
creases the triplet diffusion coefficient by more than an order of magnitude. In a follow-
up study the same group found a correlation between the SF endothermicity and the
triplet diffusion length of several acene molecules that was attributed to an increasing
singlet-mediated SF pathway.52 What remains unknown from this study is which triplet
pair state is responsible for the singlet mediated diffusion. The identification of specific
triplet pair states formed during singlet fission was performed recently in photolumi-
nescence measurements at high magnetic field.55 The investigators use the magnetic
field to tune the otherwise dark triplet pair state into resonance with the optically bright
singlet state thereby decreasing the photoluminescence. As a result, dips in the pho-
toluminescence emerge at specific magnetic field strengths that correspond to specific
triplet pair exchange-coupling strengths. The investigators argue that this resonance ex-
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citation technique may supplement to transient microscopy absorption measurement
in identifying triplet pair state specific diffusion.

In this thesis we study the diffusion of triplets in an alternative way, by performing
photoconductivity experiments using time-resolved microwave conductivity technique.
In these experiments, we monitor the injection of electrons into an inorganic TiO2 sub-
strate that acts as an antenna layer. By determining how many electrons are injected
into this antenna layer for a specific layer thickness and excitation density it is possible
to determine the exciton diffusion length and the diffusion coefficient, as will be shown
in Chapter 2.

1.3. OUTLINE OF THIS THESIS
The focus of this thesis is on the fundamental understanding of the relation between
the packing of conjugated organic molecules and the efficiency of the singlet fission and
triplet-triplet annihilation upconversion and the diffusion of triplet excited states. The
efficient exploitation of singlet exciton fission and triplet-triplet annihilation upconver-
sion in organic solar cell devices requires that all these processes occur with a reasonable
efficiency.

In Chapter 2 we describe a study of the interplay between charge carrier mobility,
exciton diffusion and the packing of perylene diimide molecules in the solid-state by
using time-resolved microwave conductivity experiments.

In Chapter 3 we study the relation between molecular packing and singlet fission in a
series of perylene diimide molecules that are substituted in the bay area of the molecule,
which has a pronounced effect on the stacking of the molecules on top of each other.
Time-resolved optical absorption measurements on the nanosecond and femtosecond
time scales show that this indeed has a pronounced effect on the rate of the singlet fission
process.

In Chapter 4 we explore the possibility of implementing the triplet-triplet annihila-
tion upconversion process in a fully solid-state setting relying on triplet energy transfer
rather than molecular diffusion and in which the singlet excited state directly injects an
electron rather photon emission and reabsorption. The injection of charge formed by
TTA-UC is studied by microwave conductivity techniques.

In Chapter 5 we use temperature dependent microwave conductivity experiments
to study the nature of triplet diffusion in crystalline perylene diimide layers. It is shown
that there is a distinct effect of temperature, indicating a thermally activated mechanism
for triplet diffusion.

In Chapter 6 we describe our initial attempts to study the effect of external magnetic
fields to study the dynamics of singlet fission and the subsequent decoherence of the
coupled triplet pairs that are formed in perylene diimides. These measurements show
clear effects of magnetic field on the processes but more detailed studies are needed to
get a full picture.

Finally, in Chapter 7 we give a brief outlook where, based on the results in this thesis
and other results in literature, we give some directions for future work.
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2
INTERPLAY BETWEEN CHARGE

CARRIER MOBILITY, EXCITON

DIFFUSION AND CRYSTAL PACKING

IN PERYLENE DIIMIDES

Two of the key parameters that characterize the usefulness of organic semiconductors for
organic or hybrid organic/inorganic solar cells are the mobility of charges and the diffu-
sion length of excitons. Both parameters are strongly related to the supramolecular or-
ganization in the material. In this work we have investigated the relation between the
solid-state molecular packing and the exciton diffusion length, charge carrier mobility,
and charge carrier separation yield using two perylene diimide (PDI) derivatives which
differ in their substitution. We have used the time resolved microwave conductivity tech-
nique and measured charge carrier mobilities of 0.32 and 0.02 cm2/Vs and determined
exciton diffusion lengths of 60 nm and 18 nm for octyl- and bulky hexylheptyl-imide
substituted PDIs, respectively. This diffusion length is independent of substrate type and
aggregate domain size. The differences in charge carrier mobility and exciton diffusion
length clearly reflect the effect of solid-state packing of PDIs on their opto-electronic prop-
erties and show that significant improvements can be obtained by effectively controlling
the solid-state packing.

This chapter is based on: Felter, K. M., Caselli, V. M, Günbas, , D. D., Savenije, T. J., and Grozema, F. C. (2019).In-
terplay between charge carrier mobility, exciton diffusion, crystal packing and charge separation in perylene
diimide-based heterojunctions. ACS Applied Energy Materials, 2(11), 8010-8021.
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PACKING IN PERYLENE DIIMIDES

2.1. INTRODUCTION
Perylene diimides (PDIs) are attractive organic semiconductors for opto-electronic stud-
ies and organic photovoltaic technologies owing to their high optical absorption and
fluorescence yield, high photo-chemical stability1 and strong electron accepting prop-
erties. Among the most appealing characteristics of PDIs is the possibility to control the
electronic structure and molecular packing by chemically functionalizing the molecule
with a large variety of side-groups. As such, they are often used to study energetic and
molecular packing effects in connection to organic semiconductor device performance.2

These electron acceptor molecules also offer an attractive alternative to fullerene accep-
tor molecules that are predominantly used in organic photovoltaic devices.3 An addi-
tional aspect of this is that PDIs display unconventional processes such as singlet exci-
ton fission with high efficiency and rate that can ultimately lead to device efficiencies
surpassing the Shockley-Queisser limit.4–6 The reverse process, triplet-triplet annihila-
tion up-conversion has also been demonstrated in PDIs.7,8 Both processes can be used
to boost organic photovoltaic device efficiencies.

Two key parameters that determine the performance of organic semiconductors in
opto-electronic applications are the charge carrier mobility and the exciton diffusion
length. However, only a few reports exist on experimentally determined PDI diffusion
characteristics. To our knowledge there are only three previously published studies on
the PDI exciton diffusion length ΛE XC . The ΛE XC values in solid-state thin films of
phenylethyl imid substituted PDI vary from 50-500 nm (with a 50 nm resolution)9 to 2.5
± 0.5 µm10. In addition, two studies on J-aggregates of PDIs in solution reported values
ofΛE XC = 70 nm11 andΛE XC = 96 nm12. These values are in agreement with that of a re-
lated perylene compound, perylene tetracarboxyl dianhydride.13 In a study on this ma-
terial it was shown how the grain diameter strongly affects the non-radiative decay rate.
In turn, the exciton diffusion length determination via photoluminescence quenching
was shown to result in ΛE XC = 6.5 ± 1.0 nm for a grain diameter of ± 5 nm to ΛE XC =
21.5 ± 2.5 nm for ± 400 nm grain sizes.13 Some of these singlet exciton diffusion lengths
are unusually long, considering that for most organic semiconductors singlet exciton
diffusion lengths are in the range of 2-15 nm.14 Therefore, the electronic and structural
origins of the large singlet exciton diffusion lengths are interesting to study in PDIs. The
second important electronic characteristic of organic semiconductors is the charge car-
rier mobility. There are several theoretical15–18 and experimental16–21 studies on PDIs
reporting electron mobilities µe− ranging from 0.1 to 2 cm2/Vs. Some of these studies
indicate that intermolecular orientation and distance strongly influence charge carrier
mobility. This was explained by differences in molecular orbital overlap that affect the
effective charge transfer integral between neighbouring molecules.

The aim of this study is to investigate the interplay between morphology and opto-
electronic properties which is highly relevant considering the aforementioned renewed
interest in PDI molecules as electron acceptors and the possible exploitation of singlet
fission6,22 and up-conversion in organic photovoltaic devices.23,24 However, while the
optical, and charge carrier properties have been reported separately,10,17,25–27 no inte-
grated study has been performed, reporting on exciton diffusion and charge carrier dy-
namics using the same experimental technique, i.e. time resolved microwave conduc-
tivity. In fact, simultaneous knowledge on all these properties is essential for designing
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better chromophore systems for organics based opto-electronic devices. To this end we
examine thin films of octyl (PDI-octyl) and hexylheptyl (PDI-hexhep) imid substituted
PDIs shown in Figure 2.1. PDI-octyl is a commonly used PDI for organic electronics re-
lated studies and has been shown to form large crystalline aggregates.28–31 PDI-hexhep
is substituted with a branched alkyl chain that is commonly used to improve solubility by
decreasing intermolecular π−π stacking between PDI cores.28 The decreased electronic
interaction between the π systems should provide clear differences in opto- electronic
behaviour between PDI-hexhep and PDI-octyl. Using electron and laser pulsed time
resolved microwave conductivity (TRMC) measurements we determined charge carrier
mobilities of 0.32 and 0.02 cm2/Vs and corresponding exciton diffusion lengths of 60 and
20 nm for PDI-octyl and PDI-hexhep, respectively. These studies were performed on pla-
nar heterojunction systems of PDIs with zinc phthalocyanine (ZnPc) and polycrystalline
titanium dioxide (TiO2) of which the electronic diagram is depicted in Figure 2.1.

Figure 2.1: Chemical structure of a) PDI-octyl and b) PDI-hexhep and ZnPc and c) energy diagrams for the
fully organic PDI/ZnPc and TiO2/PDI planar heterojunction used in this study to investigate charge carrier
kinetics and exciton diffusion.
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2.2. EXPERIMENTAL SECTION

SAMPLE PREPARATION AND CHARACTERIZATION
PDI-octyl (N,N’-dioctyl-3,4,9,10-perylenedicarboximide) and PDI-hexhep (N’- hexyl -
heptyl -3,4,9,10-perylenedicarboximide) were synthesized from perylene -3,4,9,10 tetracar-
boxylic acid dianhydride as purchased from Sigma-Aldrich according to procedures pub-
lished elsewhere.32 The ZnPc powder was purchased from TCP and used without further
modification. The polycrystalline TiO2 coated fused silica substrates (∼ 90 nm thick-
ness) were purchased from Everest Coatings Inc. and treated at 450◦C for two hours
in a furnace. Pulse radiolysis time resolved microwave conductivity (PR-TRMC) mea-
surements were performed on PDI powders and flash photolysis TRMC measurements
were carried out on thin films. Thin films of PDI and ZnPc powders were deposited on
fused silica substrates by thermal evaporation in an AJA ATC Orion evaporator. Prior to
deposition, the substrates (ESCO, 12 x 25 x 1 mm) underwent an air plasma treatment
(2 min, 1000 mtorr) to clean and charge the substrate surface. During deposition, the
powders were heated to their sublimation temperature (180-230◦C) under high vacuum
conditions (10−7-10−6 mbar) and heated further until the desired evaporation rate was
reached (0.3Å/s). The deposition rate was monitored using a quartz micro-crystal bal-
ance. The fused silica substrates were heated to 150◦C during PDI deposition to promote
crystallization and were brought back to room temperature prior to ZnPc evaporation in
order to prevent blending of the organic layers. TiO2 thin films on fused silica underwent
the same processing to fabricate the TiO2/PDI planar heterojunctions but now without
heating the substrate. During deposition the substrate holder rotated the substrates at
25 rpm to ensure film homogeneity. The thin film surface morphology was imaged using
an Extreme-Resolution Analytical Field Emission SEM JEOL-7800F Prime Extreme. The
images were recorded under high vacuum with an upper electron detector (UED) and a
lower electron detector (LED) to measure secondary and backscattered electrons. The
resolution of the images was enhanced by occasionally sputtering the organic films with
a 5 nm thick Pt layer (sputter coater Leica EM ACE600). The film thickness was deter-
mined using a step-profilometer (Veeco Dektak 8 Stylus step-profilometer) and are listed
in Table A.1. X-ray diffractograms were acquired using a Brüker D8 X-ray diffractometer
(Co Kα1 radiation, α = 1.79 Å) and analysed with the Brüker program EVA. Steady state
absorption spectra were obtained using a Perkin Elmer Lambda 1050 spectrometer with
the sample placed inside and in front of an integrating sphere to measure attenuation
and transmission, respectively. Emission and excitation spectra of solutions and thin
films were recorded with a FLS980 Edinburgh Instruments spectrometer. Time resolved
photoluminescence experiments were performed with a Hamamatsu C5680 streak cam-
era coupled to a Princeton Instruments spectrograph. The excitation wavelength was
created via frequency doubling using a Coherent Chameleon oscillator operating at a rep-
etition rate of 80 MHz.
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PULSE RADIOLYSIS MICROWAVE CONDUCTIVITY
The PDI charge carrier mobilities were measured in pulse radiolysis TRMC measure-
ments. An extensive description of the PR-TRMC technique and its capabilities can be
found elsewhere.33,34 In this technique the powder sample is irradiated with a 1-50 ns
duration pulse of high-energy electrons (3 MeV) generated by a Van de Graaff accelera-
tor that creates low concentration (micro-molar) but uniformly distributed positive and
negative carrier densities. Subsequently, the time-resolved conductivity of the sample
is probed by monitoring the attenuation of reflected microwave power (frequency 28-38
GHz, maximum electric field strength in the sample is 10 V/m). The fractional change
in microwave power reflected by the cell (∆P (t )/P ) relates to the change in conductivity
∆σ(t ) as

∆P (t )

P
= A∆σ(t ) (2.1)

The initial concentration of charge carrier pairs, i.e. electrons and holes nP can be
estimated using dosimetry measurements combined with a charge-scavenging model.
From this estimate of the carrier concentration, a summed charge carrier mobility
ΣµT RMC can be calculated according to

∆σ(t ) = enp
∑
µT RMC (2.2)

where ΣµT RMC is the sum of electron and hole mobility that both contribute to
the conductivity and are indistinguishable in the experiment. Almost all known crystal
structures show that PDIs preferentially stack in a one-dimensional columnar geometry.
Therefore, we derive an intra columnar mobility that equals three times the isotropic
value obtained from the TRMC conductivity measurements

Σµ1D = 3
∑
µT RMC (2.3)

The measured mobility values in PR-TRMC are related to the charge transfer rate
between PDI molecules in the ordered crystallite. An expression for the charge transfer
rate ν, between PDI molecules is provided by Marcus theory35,36

ν=
J 2

e f f

ħ

√
π

λkB T
e

−λ
(4kB T ) (2.4)

where Je f f is the effective charge transfer integral between neighbouring molecules
that depends on the mutual orientation and distance, λ is the reorganization energy, T is
the temperature and kB is Boltzmann’s constant. Provided that the PDIs self-assemble in
columnar crystalline stacks without structural fluctuations, the charge transfer integrals
for PDI molecules in such a stack are identical and the charge carrier mobility in the
direction along the stack µ1D can be calculated according to the relation involving an
expression for the charge carrier diffusion coefficient DC H ARGE = νd 237

µ1D = e

kB T
νd 2 (2.5)

In equation 2.5, d is the intermolecular distance in a PDI stack. Note that for a given
value of the charge transfer rate, ν, the charge carrier mobility scales with the square
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of d , however, for large values of d the charge transfer integral, Je f f and hence ν, will
be smaller, see equation 2.4. The charge carrier mobility can be used to provide an es-
timate of the charge carrier diffusion coefficient DC H ARGE according to the Einstein-
Smoluchowski relation

DC H ARGE = µ1D kB T

q
(2.6)

where q is the elementary charge.

FLASH PHOTOLYSIS MICROWAVE CONDUCTIVITY
The diffusion length of the PDIs were studied with the laser pulsed TRMC technique.
These TRMC measurements were performed on a home-built setup of which the op-
erating principles are described elsewhere.38 In this technique, optical excitation of the
sample occurs via 3 ns full width half maximum (FWHM) laser pulses (λ = 240-2200 nm).
The sample is probed by continuous X-band microwaves (∼8.4 GHz) in a microwave res-
onant cavity cell, that defines the instrument response function to 18 ns. The fractional
change in microwave power reflected (∆P/P ) is related to a change in photoconduc-
tance, ∆G(t ), as:

∆P (t )

P
=−K∆G(t ) (2.7)

In equation 2.7, K is the microwave frequency dependent sensitivity factor that has
a predetermined value of 40·103 S−1 for the current experimental conditions.39 ∆G(t )
is directly proportional to the product of the charge carrier density ni and mobility µi

according to:

∆G(t ) = eβL
∑

i
ni (t )µi (2.8)

In equation 2.8, e is the elementary charge, L the film thickness and β the ratio be-
tween the inner width and length dimensions of the microwave waveguide. The index
‘i’ runs over all charged species present, i.e. electrons and holes, that both contribute to
the photoconductance. The photoconductance transients can be deconvoluted for the
instrumental response function using the cavity response function profile (LP (t )):

∆Gexp (t )−LP (t )⊗∆G0

(∑
i

ci e
−t
τi

)
(2.9)

In equation 2.9, ∆G0 is the initial photoconductance prior to charge carrier decay
and ⊗ indicates the convolution between LP (t ) and ∆G0. ci and τi are the exponent
and decay time characteristic of the i-th transient decay component. The sum of all de-
cay components account for all recombination processes occurring in the sample. ∆G0

can be used to obtain a value for the product of the incident photon to charge carrier
generation yield, η0, and the sum of electron and hole mobility, Σµ, as40

η0Σµ= ∆G0

eβI0(1−FR )
(2.10)
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In equation 2.10, I0 is the measured incident photon fluence and FR the fraction
of reflected incident photons as deduced from attenuation and transmission measure-
ments. The applied fitting function to determine the exciton diffusion length ΛE XC was
described by Kroeze et al. for steady state illumination and has since been applied to
study singlet and triplet exciton diffusion for organic semiconductors in various hetero-
junction systems.41–44 Such function is used to fit the experimentally measured η0Σµ

and has the following general form:

η0Σµ= (1−FR )S(α,L,ΛE XC )φC S
∑
µ (2.11)

In equation 2.11, φC S is the interfacial charge separation yield that is a function of
S, the fraction of charges that reaches the interface. The expression for S provided in
equations A.2-A.5, shows its dependence on the absorption coefficientα, L andΛE XC . It
should be noted that φC S can only be disentangled from the product η0Σµ if the mobil-
ity of the generated charge carriers is known. For the bilayers with TiO2 this approach is
discussed below. However, for the PDI-ZnPc bilayers this is not possible. Nevertheless,
ΛE XC can be determined independent of the mobility and can be directly obtained from
the thickness dependence, as discussed below. The expression for S is provided in the SI
and depends on the illumination side (front side (FS) and back side (BS)) and whether
exciton reflection or quenching occurs at the non-heterojunction interface of the sys-
tem. To determine ΛE XC , planar heterojunction systems were measured by front side
and back side illumination and by varying the PDI film thickness L. The measured val-
ues for η0Σµ are fitted with equations 2.11 and A.2-A.3 using a predetermined value forα
to obtain the indistinguishable product termφC SΣµ andΛE XC . Similar fitting functions,
i.e. equations 2.11 and A.4-A.5, were applied to TiO2/PDI heterojunctions. However, in-
stead of varying the PDI layer thickness, an action spectrum was measured acting to vary
α. The singlet exciton diffusion coefficient DE XC can be calculated using the following
relation

ΛE XC =
√

DE XCτE XC (2.12)

Where τE XC is the singlet exciton lifetime obtained from photoluminescence mea-
surements.
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2.3. RESULTS AND DISCUSSION

CRYSTALLINITY AND CHARGE CARRIER TRANSPORT IN PDI POWDERS

We first investigate the effect of the PDI imid substitution on molecular packing using
X-ray powder diffraction and the resulting charge carrier mobility using pulse radiol-
ysis conductivity experiments. The X-ray diffractograms of PDI-octyl and PDI-hexhep
powders in Figure 2.2a display strong differences in reflection intensity. PDI-octyl has
a pronounced [001] reflection that is consistent with the known crystal structure30,31,
contrary to the less well resolved PDI-hexhep diffractogram that indicates rather poor
crystallinity. This is consistent with the expected effect of the branched side chains that
disrupts the solid-state packing. The radiation induced conductivity transients obtained
from PR-TRMC measurement on PDI-octyl and PDI-hexhep powders are shown in Fig-
ure 2.2b. During the 10 ns electron pulse, the conductivity increases linearly with time
due to the formation of mobile charge carriers. Subsequently, recombination of elec-
trons and holes or trapping of charges at impurities cause the conductivity to decay. The
conductivity of PDI-octyl is an order of magnitude higher than that of PDI-hexhep. The
sum of the electron and hole mobility Σµ derived from these transients are Σµ1D = 0.32
for PDI-octyl and 0.02 cm2/Vs for PDI-hexhep. According to estimates based on Mar-
cus theory made by Delgado et al. for PDI-pentyl, which has a similar crystal packing as
PDI-octyl, the values of the electron and hole mobility of PDI-octyl are µe− = 0.1 cm2/Vs
and µh+ = 2.1 cm2/Vs, respectively. These values are larger than what we find experi-
mentally for PDI-octyl, but this can easily be understood by realising that the calculated
values do not account for any static or dynamic structural disorder.15,16 For PDI-hexhep
such calculations are not possible since no crystal structure is known. The mobility of
PDI-octyl is among the highest values obtained for perylene diimides45 and is attributed
to columnar packed PDI units. Such columnar structures are also observed in XRD and
SEM measurements of the thin films shown later. The more ordered structure of PDI-
octyl, as shown in Figure A.1, compared to PDI-hexhep leads to a larger effective orbital
overlap and thus higher mobility values.15

Figure 2.2: a) Powder X-ray diffractograms of PDI-octyl and PDI-hexhep with the pronounced [001] reflection
of PDI-octyl and a 4500x zoomed-in view in the inset. b) Dose normalized radiation induced conductivity
transients for PDI-octyl and PDI-hexhep at room temperature using a 10 ns electron pulse.
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SOLID-STATE PACKING AND THIN FILM MORPHOLOGY

The X-ray diffractograms of PDI films in Figure 2.3 reveal one reflection for PDI-octyl
at 5.1◦ and PDI-hexhep at 5.86◦. This corresponds to intercolumnar spacings of 20.1 Å
and 17.5Å, respectively. The preferential crystal orientation of PDI-octyl and -hexhep
are in accordance with literature.19,30,45 Comparison of the powder with the thin film
diffractograms shows the preferred crystal orientation in the thin film since it only has
one reflection, in contrast to the powder spectrum. The extent of crystallization of PDI-
octyl does not seem to be larger than in PDI-hexhep. This observation is supported by
an estimation of the crystallite domain size (provided in Table A.2) using the Scherrer
equation. The estimate shows that PDI-hexhep has similar crystalline domains ranging
from 29 to 131 nm and in PDI-octyl it ranges from 28 to 97 nm.

Figure 2.3: X-ray diffractograms for annealed (150◦C) single layer thin films on fused silica of a) PDI-octyl and
b) PDI-hexhep with thicknesses ranging from 15-500 nm.

Previous studies have shown that the formation of organic thin films depends on
the substrate properties.20,31,46 We use fused silica and TiO2 as a substrate to investigate
a possible relation between substrate type and the solid-state packing of the PDIs. In
Figure 2.4 SEM images are displayed of the PDI film surface morphology on both fused
silica and TiO2. The films are not annealed and are carefully coated with a Pt layer (3 nm)
to allow better imaging. The PDI-octyl layer on fused silica is composed of rod like do-
mains with lengths up to 500 nanometres. Similar but rougher structures exist on TiO2

owing to the rougher TiO2 surface (Figure A.3). The PDI-hexhep layer on fused silica
lacks structure while on TiO2 we do observe irregular shaped features with diameters up
to hundreds of nanometres. The similarity between PDI surface morphology on fused
silica and TiO2 is substantiated by an identical position and width of the reflection in the
XRD diffractogram of PDI-octyl and PDI-hexhep on fused silica and TiO2 (Figure A.4).
Upon annealing the film, PDI-octyl and -hexhep both form large rod-like filaments of
lengths exceeding a micrometer, as displayed in Figure A.2. As mentioned, the annealed
films were used in the PDI/ZnPc heterojunctions, while the unannealed variants in Fig-
ure 2.4 were used in the TiO2/PDI heterojunctions. We observe similar sizes of filamental
structures in all film thicknesses although the film surface roughens (Figure A.2).
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Figure 2.4: Scanning electron microscope images for 100 nm thick films of PDI-octyl (left) and PDI-hexhep
(right) on fused silica and TiO2 substrates. Scale bars indicate the size of the features at 10.000X
magnification.

OPTICAL PROPERTIES OF THIN FILMS
In Figure 2.5a we display the absorption spectra of films of PDI-octyl and PDI-hexhep
on fused silica and PDI-octyl in solution. In solution, the absorption spectrum of both
PDIs is identical (Figure A.3) and shows the characteristic PDI absorption in the 450-550
nm region with three bands centred at 460, 490 and 530 nm that belong to the π−π∗
transition of the PDI aromatic core involved in the vibronic progression of the S0–S1

excitation.26,27 In the solid-state, PDI-octyl and PDI-hexhep form H-type aggregates as
visible from the 550 nm absorption shoulder.26,47,48 The stronger red shift in the absorp-
tion onset of PDI-octyl (570 nm) than -hexhep (540 nm) indicates stronger excitonic in-
teraction in PDI-octyl.27 The shape of the absorption spectrum of PDI-octyl and PDI-
hexhep resembles that of their excitation spectrum. However, the emission intensity of
PDI-octyl is less at lower wavelength, which points to the presence of a non-radiative
decay pathway. The effect of solid-state packing is also visible in the emission spectra
shown in Figure 2.5b. The PDI emission spectrum in solution has three distinct emission
features while in the thin films these features broadened strongly and an overall emis-
sion redshift is observed. This redshift in the emission in PDIs is commonly attributed
to the presence of emissive excimer states that form upon aggregation.49,50 We recently
carried out a study in which we showed that bromination in the bay area prevents the
formation of excimer states that are a competing decay channel for singlets, next to sin-
glet fission.51 The thin film photoluminescence lifetime of PDI-octyl and PDI-hexhep are



2.3. RESULTS AND DISCUSSION

2

29

τE XC = 0.55 ns and τE XC = 1.13 ns, respectively, as determined from a mono-exponential
decay fit on fluorescence decays as shown in Figure 2.5c. In our previous study we es-
timated an τE XC = 890 ps for PDI-octyl which was longer than in the present study, as
we presently used a streak camera setup that has a faster detection limit. The shorter
fluorescence lifetime of excitons in PDI-octyl may be another indication of its improved
packing as PDI-hexhep has a fluorescence lifetime that is more similar to that in solution
(τE XC = 4.5 ns).4

Figure 2.5: a) Absorption spectra (α on left axis) and fluorescence excitation spectra (right axis) of PDI-octyl
and PDI-hexhep films and b) emission spectra thin films. The absorption (ε on left axis) and emission spectra
of PDI-octyl in 1·10−5 M CHCl3 solution has also been added in blue. c) Fluorescence decays of annealed thin
films of PDI-octyl (emission at 687 nm) and PDI-hexhep (emission at 630 nm) (dots) upon 460 nm
photoexcitation (300 µW) and their monoexponential fit (solid lines).

In Figure 2.6 we show the effect of the substrate on the PDI absorption. For unan-
nealed PDI-octyl on TiO2 we observe absorption features that are more similar to those
in solution. In contrast, the optical absorption of PDI-hexhep lacks a strong substrate de-
pendence shown in Figure 2.6b. The effect on PDI-octyl may be explained by the rougher
TiO2 topology and/or different interfacial tension that negatively affects close packing,
although no strong differences are observed in domain sizes. Since PDI-hexhep did not
display strong aggregation on fused silica, the difference with TiO2 may be expected to be
smaller. XRD measurements confirm that aggregates of PDI-octyl and PDI-hexhep are
formed to the same extent on both substrate types with identical crystal phase (Figure
A.5). We therefore expect little effect of the substrate on the charge carrier and exciton
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transport properties.

Figure 2.6: a) Absorptance spectra of unannealed 50 nm PDI-octyl thin film on uncoated fused silica and TiO2
and b) a similar plot for a 50 nm PDI-hexhep thin film upon front side (FS) and back side excitation (BS). The
insets show the absorptance spectra normalized to the absorption maximum at around 490 nm. They show
the difference and spectral similarity for PDI-octyl and PDI-hexhep, respectively.

EXCITON DIFFUSION IN PDI/ZNPC PLANAR HETEROJUNCTIONS

In order to gain insight in the diffusion of excitons in PDI-octyl and PDI-hexhep we have
performed TRMC photoconductivity measurements as shown in Figure 2.7a. In Fig-
ure 2.7a the photoconductance transients obtained upon photoexciting bilayers of PDI-
octyl/ZnPc and PDI-hexhep/ZnPc (50/30 nm) are compared with the photoconductance
of the PDI-octyl and ZnPc layers. There is negligible photoconductivity in these single
layers. However, the photoconductance maximum increases by a factor forty and four
upon forming the PDI-octyl/ZnPc and PDI-hexhep/ZnPc bilayers, respectively. This can
be explained by considering the energy diagram shown in Figure 2.1. The energy dif-
ference between the LUMO of ZnPc and PDI is 0.3 eV and that between the HOMO of
ZnPc and PDI is 0.19 eV. The LUMO offset is significantly larger than the typical binding
energy of singlet excitons in organic solids (0.06 eV).52,53 Therefore all singlet excitons
reaching the interface will dissociate, which cannot happen in a single layer structure.
However, the 0.3 eV offset is likely not enough for triplet excitons to charge separate as
their binding energy is higher than that of singlets due to the exchange energy.14,53

The charge carrier lifetime exceeds a microsecond. We fit the bilayer transients us-
ing the triexponential decay function described in equation 2.9 represented by the solid
lines in Figure 2.7a. The photoconductance prior to electron-hole recombination ∆G0

and carrier kinetics obtained from the fitting are provided in Table A.3 and are compa-
rable to values found in an earlier TRMC study on thin film bulk heterojunction systems
of soluble PDIs and copper phthalocyanine.25 Using equation 2.10, ∆G0 is converted to
η0Σµ and shown in Figure 2.7b as function of the incident photon fluence I0. We observe
a fluence independent photoconductance regime below an I0 of 2·1012 photons/cm2

for PDI-octyl, while due to the low signal-to-noise ratio in the PDI-hexhep/ZnPc bilayer
it was not possible to measure photoconductivity below 1·1013 photons/cm2. The low
photoconductivity of the PDI-hexhep/ZnPc bilayer may be due to a low charge carrier
mobility and/or charge separation yield. We observe a decrease in photoconductance
for both bilayers at fluences that are higher than 2·1012 photons/cm2 that we attribute
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to second-order charge recombination40 which we kept to a minimum during our mea-
surements. The low photoconductivity in the single layers is caused by negligible exci-
ton dissociation and therefore a low yield of free and mobile charge carriers. However, in
the bilayer heterojunction the charges can separate at the ZnPc-PDI interface between
ZnPc and PDI. In this situation, the hole localizes in the ZnPc and the electron in the
PDI. Possible reasons for the higher photoconductivity of the PDI-octyl bilayer than the
PDI-hexhep bilayer are a higher PDI-octyl electron mobility and a higher yield of free
and mobile charge carriers upon photon absorption. The tenfold higher charge carrier
mobility of PDI-octyl found in the pulse radiolysis measurements described above is in
agreement with this difference in the photoconductivity.

Figure 2.7: a) Photoconductance transients are shown for a 50 nm PDI and 30 nm ZnPc single film and 50/30
nm bilayer at an incident photon fluence of 1·1013-1·1014 photons/cm2 upon 490/495 nm excitation for both
PDI-octyl and PDI-hexhep (dots). The solid lines represent the tri-exponential function of equation 9 that is
applied to fit the transients. b) The photon fluence dependence of η0Σµ is represented for a 50/30 nm
PDI-octyl/ZnPc (490 nm) and PDI-hexhep/ZnPc bilayer (495 nm) upon FS and BS excitation.

In Figure 2.8a we show η0Σµ in the fluence independent photoconductance regime
of the PDI-octyl/ZnPc bilayers as function of PDI film thickness. Upon front side illumi-
nation at 490 nm we observe an increasing η0Σµ that saturates at 100 nm. In contrast,
upon back side bilayer illumination η0Σµ reaches a maximum at 50 nm and decreases
at higher PDI thicknesses. We explain these trends as follows using the schematic repre-
sentation shown in Figure 2.8b. Upon front side (FS) illumination, light is absorbed by
both the ZnPc (30 nm thickness) and the PDI where excitons are generated in both ma-
terials thus contributing to the photoconductance. These excitons form charge trans-
fer excitons that dissociate at the interface by transferring electrons to the PDI (LUMO
offset 0.3 eV) and holes to the ZnPc (HOMO offset 0.19 eV) that are responsible for
the photoconductance.54 As the PDI thickness increases, more excitons are created and
η0Σµ increases. At a PDI thickness of 50 nm the linear trend in photoconductance as
function of PDI thickness becomes sublinear as only a fraction of the excitons created
beyond 50 nm is capable of diffusing towards the interface and charge separate while
the rest of these excitons undergo recombination. Therefore, the gain in free charge
carriers diminishes upon increasing the PDI thickness and the photoconductance trend
saturates. Consequently, the exciton diffusion length plays a pivotal role in the observed
photoconductive behaviour. Moreover, when the PDI excitons are primarily generated
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near the PDI/substrate interface, most excitons need to diffuse to the heterojunction
interface in order to charge separate. Indeed, upon back side (BS) illumination the pho-
toconductance follows a similar trend as in FS illumination up until 50 nm where exciton
diffusion is not limiting the charge carrier yield. Beyond this length a decreasing amount
of PDI excitons reach the PDI/ZnPc interface and less excitons are generated within the
ZnPc such that that η0Σµ decreases beyond 50 nm and eventually reduces to zero. We
fit the data points in Figure 2.8 with the exciton model described by equations 2.11 and
A.2- A.3 and find φC SΣµ = 0.0152 cm2/Vs and ΛE XC = 59.91 nm for PDI-octyl using α
= 7.96·106 m2 (at 490 nm). If we assume a unity yield of charge separation, φC S, then
the charge carrier mobility Σµ in the thin film would be a factor fifty lower than in the
powder as determined from PR-TRMC. However, a unity φC S is unlikely since exciton
recombination and geminate interfacial charge recombination are likely to happen. Se-
lective excitation of ZnPc in the PDI-octyl/ZnPc show similar η0Σµ trends and values
as PDI excitation close to the interface. The similarity in η0Σµ values points to equal
charge separation efficiency when exciting either ZnPc or PDI. We did not carry out the
diffusion length determination for PDI-hexhep due to the low signal-to-noise ratio in the
PDI-hexhep bilayers.

Figure 2.8: a) ηΣµ values as function of PDI thickness of PDI-octyl/ZnPc bilayers (fixed ZnPc thickness of 30
nm). The data are shown for all excitation conditions together with a fit obtained after applying the exciton
diffusion model. b) Schematic representation of the planar heterojunction samples on fused silica. The
samples are photo excited with laser pulses from the front side (FS) or back side (BS). The yellow profile
represents the PDI excitation profile I (x) in the sample and depends on the absorption coefficient. Excitons
created further away from the heterojunction interface have to diffuse to the interface via exciton hopping.
During diffusion they can recombine, process that limits their lifetime and diffusion lengthΛE XC .

EXCITON DIFFUSION IN TIO2/PDI PLANAR HETEROJUNCTIONS
In order to examine a possible relationship between substrate and PDI supramolecular
packing and exciton diffusion length, we deposit the PDIs on polycrystalline TiO2 coated
fused silica. TiO2 forms a functional inorganic/organic heterojunction with PDI, where
PDI acts as electron donor and injects electrons into the TiO2 conduction band upon
photoexcitation and is used to study the exciton diffusion length in the same manner
as in the PDI/ZnPc bilayers. However, the added benefit of using TiO2 over ZnPc is the
higher TiO2 electron mobility (µe− = 1 cm2/Vs) and long charge carrier lifetime (µs-ms)55
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that is beneficial for the photoconductivity. In Figures 2.9a (2.9b) and 2.9c (2.9d) we show
the photoconductance transients for single layered films of TiO2, PDI-octyl (-hexhep)
and a TiO2/PDI-octyl (-hexhep) bilayer, respectively, upon selectively photoexciting the
PDI. We observe a tenfold and six-fold increase in peak photoconductivity upon com-
bining TiO2 and PDI-octyl and PDI-hexhep when compared to that of the single layer
films. In Figures 2.9b and 2.9d we show the action spectrum for the TiO2/PDI-octyl and
TiO2/PDI-hexhep bilayer, respectively. The action spectrum contains values for ηΣµ as
function of excitation wavelength and is plotted together with the bilayer absorptance
spectrum. Since TiO2 is a wide bandgap semiconductor its absorption in the visible part
of the spectrum is negligible such that PDI is the primary absorbing species. A minor
absorption by TiO2 intrabandgap states occurs in the visible. The photoconductivity of
TiO2 due to intrabandgap state absorption can be measured and it is subtracted from
that of the bilayer response as detailed elsewhere.55 The bilayer photoconductivity is
higher when light enters the sample at the heterojunction interface (BS) compared to
when it enter the sample at the PDI-air interface (FS). Furthermore, the trend displayed
ηΣµ as function of excitation wavelength matches that of the absorption spectrum when
the bilayer is excited near the heterojunction interface. We attribute this agreement to
selective PDI excitation and subsequent charge separation and electron injection at the
TiO2/PDI interface. The mismatch in trend between ηΣµ and absorptance can be ex-
plained by a relatively lower number of injected electrons in TiO2 since the majority of
the excitons have decayed due to the limited exciton diffusion length as we described
for the PDI/ZnPc bilayers. We apply the same exciton diffusion model used to model
the PDI/ZnPc bilayers described by equations 2.11 and A.2-A.3 to estimate an exciton
diffusion length for PDI-octyl and PDI-hexhep of which we outline the procedure in the
Supplementary Information. For PDI-octyl we obtain φC SΣµ = 0.04 cm2/Vs and ΛE XC

= 48.05 nm and for PDI-hexhep a φC SΣµ = 0.064 cm2/Vs and ΛE XC = 19.6 nm. In the
model we fixed L (L = 100 nm for PDI-octyl and L = 30 nm for PDI-hexhep). The fit pa-
rameters together with the charge carrier mobilities and exciton diffusion length from
the PDI-octyl/ZnPc bilayer are listed in Table 2.1.
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Figure 2.9: a) Photoconductivity transients of a single layer film of pol-TiO2, PDI-octyl (50 nm) and a
TiO2/PDI-octyl (50 nm) bilayer at I0 = 2.3·1012 photons/cm2 upon BS excitation. b) Action spectrum of η0Σµ

and attenuation spectrum vs. excitation wavelength for the TiO2/PDI-octyl (50 nm) bilayer. c)
Photoconductivity transients for a single layer film of pol-TiO2 and PDI-hexhep (38 nm) and a
TiO2/PDI-hexhep (38 nm) bilayer at I0 = 2.3·1012 photons/cm2 upon BS excitation. Similar to b), d) contains
the action spectrum for the TiO2/PDI-hexhep (38 nm) bilayer.

We use the TiO2 film specific electron mobility to calculate an incident photon to
charge separation efficiency φC S of 0.64% and 3.5% for PDI-octyl and PDI-hexhep, re-
spectively, averaged over front- and backside excitation. These efficiencies are similar
to those found for electron injection from porphyrins into TiO2 using the same experi-
mental setup. The relatively low φC S values can be due to various loss mechanisms.43,44

The first is inefficient coupling between the organic materials and the TiO2 layer be-
cause of strong crystallization of PDI, possibly resulting in a barrier of alkyl chains at the
interface.56 This small resulting injection rate gives dominance to alternative decay pro-
cesses in the PDI. Additionally, if charge injection is followed by fast recombination at
the interface, this results in a reduced observed φC S . The mobility of charges in TiO2 is
not affected by these processes and has been independently determined as discussed in
the Supporting Information. The magnitude of ΛE XC of PDI-octyl that we find for the
PDI-octyl/ZnPc and TiO2/PDI-octyl heterojunction is very similar (< 10% difference),
indicating that the intrinsic ΛE XC is specific for the material and not affected by the in-
terface. This observation is notable considering the difference in aggregate size in the
two systems. One would expect a larger diffusion length for larger domain size as the
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limiting step in the transport is likely to be the inter-domain hopping. If the distance be-
tween interdomain hops decreases a larger overall diffusion length would be expected.
Interestingly, in this case such a difference is not observed, indicating that inter-domain
transport is not limiting transport in this case.57,58

One estimate for the singlet exciton diffusion coefficient DE XC can be obtained using
equation 2.12 and assuming pure singlet character transport of our excitons. In this cal-
culation we use our estimate of the exciton diffusion length and exciton lifetime (τE XC

= 550 ps and 1.13 ns for PDI-octyl and PDI-hexhep, see Figure 2.5c) of the thin film, re-
sulting in DE XC = 6.47·10−2 - 7.04·10−2 cm2/s and DE XC = 2.87·10−3 cm2/s for PDI-octyl
and PDI-hexhep, respectively. Using the Einstein-Smoluchowski relation (equation 2.6)
and mobility values from the TRMC measurements on PDI powders we estimate a charge
carrier diffusion coefficient DC H ARGE = 8.23· 10−3 cm2/s and DC H ARGE = 5.14·10−4 cm2/s
for PDI-octyl and PDI-hexhep, respectively. The ratio of these two charge carrier diffu-
sion coefficients is 16, which is similar to the ratio of the exciton diffusion coefficients
discussed above (22.6). If the exciton diffusion is governed by the Förster mechanism a
smaller dependence on distance would be expected. A relevant aspect here is the par-
tial triplet character of the excitons as shown by transient absorption studies that con-
firm the presence of singlet fission in PDI-octyl.4,6 The triplet character results in much
longer exciton lifetimes than for pure singlet species, and the Dexter transfer mechanism
for triplets can be considered as a double electron transfer process, making it similar to
electron and hole transfer. However, this particular study did not involve in the discrim-
ination of these contributions and conclude that the studied excitons are singlets with
possibly a certain amount triplet contribution.

Table 2.1: Charge carrier and exciton diffusion parameters for PDI-octyl and -hexhep as obtained from analysis
of PR- and FP-TRMC experiments. φC SΣµ and ΛE XC were obtained upon application of the exciton diffusion
model described by equations 2.11, A.2-A.3 and A.4-A.5.

PDI/ZnPc TiO2/PDI
Σµ1D (cm2/vs) α (m2) φC SΣµ (cm2/vs) ΛE XC (nm) φC SΣµ (cm2/vs) φC S∗ (%) ΛE XC (nm)

FS 1.3·10−2 FS 0.55 FS 64
PDI-octyl 0.32 7.96·106 1.5·10−2 59.90 BS 1.5·10−2 BS 0.73 BS 61

avg.1.4·10−2 avg. 0.64 avg. 62.5
FS 6.6·10−2 FS 3.1 FS 18

PDI-hexhep 0.02 4.40·106 - - BS 8.3·10−2 BS 3.9 BS 18
avg.7.4·10−2 avg. 3.5 avg. 18

*µe−=2.24 and 2.14 cm2/Vs for TiO2/PDI-octyl and TiO2/PDI-hexhep, respectively.
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2.4. CONCLUSIONS
In this study we investigated the effect of imid substitution in PDIs on their solid-state
packing and opto-electronic properties. We found a strong influence of the imid sub-
stituent on the intermolecular packing of the molecules in the solid-state. The variation
in side-chain substitution affected the extent of crystallization in the powder, but is less
significant in vacuum deposited thin films. In these films, macromolecular organiza-
tion forming fibrous structures occurred for both PDIs. However, an order of magnitude
difference in charge carrier mobility was found that can be related to differences in elec-
tronic coupling values. We measured an order of magnitude difference in maximum
photoconductance ∆GM AX /βeI0 in bilayer heterojunctions of PDI-octyl/ZnPc and PDI-
hexhep/ZnPc, owing to the difference in intrinsic charge carrier mobility and lower ex-
citon diffusion length. Using TRMC measurements on PDI/ZnPc heterojunctions with
different PDI-octyl thicknesses, we could determine an exciton diffusion length of 60
nm that agrees with earlier found values for related PDIs and structures. Using TiO2 as
underlayer for the PDI film instead of fused silica did not strongly affect solid-state pack-
ing for the PDIs. Using TiO2 we determined a singlet exciton diffusion length of 18 nm
for PDI-hexhep which is a factor three lower than observed for PDI-octyl and confirmed
the same exciton diffusion length for PDI-octyl found from the study on the PDI/ZnPc
bilayer. The charge separation efficiencies for PDI-octyl and PDI-hexhep are 0.64 and
3.5%. This study serves to show how different molecular packings of electronically sim-
ilar molecules can lead to strong differences in charge carrier mobilities, while having a
surprisingly small effect on the exciton diffusion length. These results offer a complete
view of intrinsic organic chromophore properties relevant to opto-electronic devices.
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3
RELATION BETWEEN MOLECULAR

PACKING AND SINGLET FISSION IN

THIN FILMS OF BROMINATED

PERYLENEDIIMIDES

Perylene diimides (PDIs) are attractive chromophores that exhibit singlet exciton fission
(SF) and have several advantages over traditional SF molecules such as tetracene and pen-
tacene, however, their photophysical properties relating to SF have received only limited
attention. In this study we explore how introduction of bulky bromine atoms in the so-
called bay-area PDIs, resulting in a non-planar structure, affects the solid-state packing
and efficiency of singlet fission. We found that changes in the molecular packing have
a strong effect on the temperature dependent photoluminescence, expressed as an acti-
vation energy. These effects are explained in terms of excimer formation for PDIs without
bay-area substitution, which competes with singlet fission. Introduction of bromine atoms
in the bay-positions strongly disrupts the solid-state packing leading to strongly reduced
excitonic interactions. Surprisingly, these relatively amorphous materials with weak elec-
tronic coupling exhibit stronger formation of triplet excited states by SF because the com-
peting excimer formation is supressed here. Furthermore, we showed that bromination
does not increase intersystem crossing.

This chapter is based on: Felter, K. M., Dubey, R. K., Grozema, F. C. (2019). Relation between molecular pack-
ing and singlet fission in thin films of brominated perylenediimides. The Journal of chemical physics, 151(9),
094301.
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3. RELATION BETWEEN MOLECULAR PACKING AND SINGLET FISSION IN THIN FILMS OF

BROMINATED PERYLENEDIIMIDES

3.1. INTRODUCTION

Perylene diimides (see Figure 3.1) are exceptionally photo-stable conjugated organic dye
molecules that are attractive for application in opto-electronic devices such as solar cells.
Apart from their strong electron accepting nature and their favourable charge transport
properties they have also been shown to exhibit singlet exciton fission (SF). SF is a spin-
conserved process in which a singlet excited state shares its energy with a neighbour-
ing molecule to form a doubly excited state that consists of two coupled triplet excited
states.1–3 In addition, it has also been shown to undergo the inverse process, triplet-
triplet annihilation up-conversion.4 SF is envisioned to be a viable approach to increase
the power conversion efficiency of solar cells by using the excess energy in blue photons
that is generally not used efficiently because of thermalization.5 In order to fully exploit
SF in photovoltaic applications, a fundamental understanding of the process is of prime
importance. Specifically, as SF chromophores are generally applied in solid state devices,
the relation between the dynamics of SF and the molecular packing and excited state
energetics of the chromophores. The effect of molecular packing on singlet fission has
previously been studied in acene chromophores. Theoretical6 and experimental results
have been reported for tetracene7, covalent dimers of pentacene8 in solution and terry-
lene diimides9. The general conclusion from these studies is that SF rates and efficien-
cies can be optimized by optimizing the electronic coupling via the molecular organiza-
tion in the solid state. Perylene diimides (PDIs) offer a unique opportunity to study the
effect of molecular organization and energetics on singlet fission since variations in the
substituents of the chromophore lead to changes in the solid state packing and excited
state energetics. Computational and experimental studies have shown that changes in
the molecular packing induced by imide-substituted PDIs indeed have a strong impact
on the rate and efficiency of SF.3,10,11 While the effect of imide-substitution of PDIs on
their opto-electronic properties has been studied widely owing to the relatively acces-
sible synthesis, only few studies exist on the impact of substitution on the bay area, es-
pecially in relation to SF. It has been shown that PDIs substituted with halogens in the
bay area (see Figure 3.1) exhibit changes in the singlet and triplet state excited state en-
ergetics. This is due to the sterically induced twisting of the conjugated core of the PDI,
as compared to their non-bay-area substituted analogues.12,13 Moreover, bay-area sub-
stitution leads to greatly improved solubility in common organic solvents, which is a
desirable characteristic for eventual device applications.

In this study we investigate how halogen substitution in the bay-area of PDIs af-
fects the molecular packing and excitonic interactions in the solid state and how this
affects the singlet fission dynamics in thin films of methyl (PDI-C1) and octyl (PDI-C8)
imide-substituted PDIs. To achieve this, two or four bromide atoms have been intro-
duced at the bay position of the PDI core as shown in Figure 3.1. Steady state optical
absorption and emission measurements on thin films revealed that bay-area bromina-
tion significantly reduces the excitonic interactions in the solid state. Nevertheless, from
transient-absorption measurements we clearly observe the formation of triplet excited
states with efficiencies comparable to their unsubstituted analogues. This indicates that
the reduced excitonic interaction does not prohibit SF. Furthermore, we have studied the
temperature dependence of the optical absorption, emission and photoluminescence
(PL) lifetime. Only small differences in the optical absorption upon cooling were found,
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indicating a stable molecular arrangement. However, at the same time strong increases
in both PL intensity and lifetime were observed, proving the existence of a thermally acti-
vated PL competitive process. The detailed analysis of the effect of bay-area substitution
on the excitonic interactions and SF dynamics presented in this work shows bay area
substitution offers an additional handle to tune the SF properties of PDI chromophores.

Figure 3.1: Chemical structures of the perylene diimide molecules of interest in this study with different
imide- and bay- substitution. The ball-and-stick structures display the twisted perylene core structure upon
bromination in side view. The twist angle as determined from TDDFT is mentioned below.

3.2. EXPERIMENTAL SECTION

SAMPLE PREPARATION AND CHARACTERIZATION
The chemical structures of the PDI derivatives investigated in this work are shown in
Figure 3.1. PDI-C1 (N,N’-dimethyl-3,4,9,10-perylenedicarboximide) and PDI-C8 (N,N’-
dioctyl-3,4,9,10-perylenedicarboximide) were synthesized from perylene-3,4,9,10 tetra-
carboxylic acid dianhydride as purchased from Sigma-Aldrich using procedures pub-
lished elsewhere.14 PDI-PPh-Br2 (N,N’-Bis(2,6-diisopropylphenyl)-1,7-dibromopery-lene-
3,4, 9,10-tetracarboxybisimide) PDI-C1-Br2 and PDI-C8-Br4 were synthesized from 1,7-
di-bromoperylene dianhydride and 1,6,7,12-tetrabromo-perylene dianhydride, respec-
tively, as described in the Supporting Information.15,16 The powders of PDI-C1, PDI-C8
and PDI-C1-Br2 were thermally evaporated (using an AJA evaporator) to make thin films
on air plasma cleaned 1x2 cm fused silica (also termed quartz) and sapphire substrates
(ESCO). The evaporated films were not annealed during or after deposition. Thin films
of PDI-C8-Br4 were spincoated from a saturated chloroform solution. The spincoated
film was annealed at 60◦C in a N2 atmosphere to remove any solvents and improve the
crystallization. The film thicknesses were measured using a Dektak profilometer and are
provided in Table B.1.

METHODS
Temperature-dependent steady state absorption and emission spectra of the thin films
were measured in a home-built He-cryostat spectroscopy setup. The sample is placed in
a vacuum chamber (10−7 mbar) of which the temperature is controlled using an APD-
cryogenics helium cryostat in the range 300-12 K. The optical absorption spectra were
measured using the halogen lamp output of a DH-200 Mikropack UV-VIS-NIR light source
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and a Maya2000 Pro Ocean Optics spectrometer detector. The fluorescence emission
spectra were measured using 3.15 mW (405 nm) laser pulses of a CPS405 ThorLabs laser
diode and a FLAME-S-VIS-NIR Ocean Optics spectrometer. Exposure of the sample to air
was minimized by storing them in an N2 glovebox and by flushing the sample chamber
with N2 during sample loading. Steady state absorption spectra of the thin films at room
temperature were measured with a Perkin Elmer Lambda 1050 spectrophotometer with
the sample placed inside an integrating sphere to measure the attenuation.

Time-resolved photoluminescence measurements were performed with a Lifespec-
ps fluorescence spectrophotometer (Edinburgh Instruments) using time-correlated sin-
gle photon counting. The sample was photoexcited using 12.4 pJ (404 nm, 1 MHz) laser
pulses from a M8903-01 Hamamatsu laser unit. In order to minimize laser scattering, a
425 nm long-pass filter was placed in front of the detector. The sample was loaded in
an Optistat DN cryostat (Oxford Instruments) in an N2 exchange gas environment. Ex-
citation density effects were examined by placing a neutral density filter (optical density
=1) after the laser diode unit to exclude the presence of exciton-exciton annihilation. The
thin film topology was measured using atomic force microscopy and the crystallinity was
studied using X-ray diffraction using a Brüker D8 X-ray diffractometer (Co Kα1 radiation,
λ = 1.79 Å) and analysed with the Brüker program EVA.

Transient absorption measurements were performed using a Helios spectrometer
(Ultrafast Systems) where the samples were excited with 180 fs pulses (2.5 kHz) from a
Pharos Yb:KGW laser system (Light Conversion) via an Orpheus optical parametric am-
plifier (Light Conversion). The probe pulse consisted of supercontinuum light generated
by focussing a part of the fundamental laser beam (1030 nm) in either a CaF2 or sapphire
crystal, depending on the required probe wavelength range. ns-time resolved emission
and transient absorption spectra were acquired using an LP920 transient absorption
spectrophotometer (Edinburgh Instruments) with pulsed probe light (7 ms) produced
by a Xe lamp. The samples were excited by 4 ns (FWHM) laser pulses produced by an
Ekspla NT 342B OPO pumped by a Q-switched Nd:YAG laser.

The effect of the bay-area substitution with Br atoms on the geometry and electronic
structure was studied by density functional theory and semiempirical calculations. The
ground state geometries were optimized using the Becke-Perdew (BP86) exchange corre-
lation (XC) functional with a DZP-type basis set consisting of Slater-functions. Using this
geometry, the vertical singlet and triplet excitation energies were calculated by TDDFT
calculations in the same basis set and XC functional.

An approximate geometry for the lowest triplet state (the triplet ground state) was
optimized by performing an open shell triplet ground state calculation, using the BP86
functional with a DZP-type basis set. The absorption spectrum of this triplet ground
state was calculated by an unrestricted TDDFT calculation. All calculations were done
using the Amsterdam Density Functional software suite.

3.3. RESULTS AND DISCUSSION
To gain insight in the effect of bromination of the PDI core on the geometrical and ba-
sic photophysical properties we have performed electronic structure calculations using
Density Functional Theory (DFT) methods as described in the Experimental section.
The results are summarized in Table 3.1. Ground state geometry optimizations show
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that bromination leads to a distinct deviation from the planar PDI geometry that is ob-
tained without bromines attached. For PDI-Br2, a twist angle of 29.2◦ was obtained,
while for PDI-Br4 an even larger twist angle of 39.1◦ was found. Twisting of the core is
predicted to have a pronounced effect on the optical properties as can be derived from
Table 3.1. TDDFT calculations show that the energy difference between the ground state
and the lowest singlet excited state S1 decreases from 2.16 eV for the planar PDI-H4,
but decreases significantly to 2.01 eV and 1.95 eV for PDI-Br2 and PDI-Br4, respectively.
Interestingly, the energy difference between the ground state and the lowest (vertical)
triplet state remains almost unchanged upon bromination.

Table 3.1: Summary of the calculated optical properties of bay area substituted PDIs using DFT.

Ground State T1 State
PDI Angle (◦) ES1 (eV) ET1 (eV) Twist (◦) T1-Tn (nm)

PDI-H2 0 2.16 1.33 0 536 (2.31 eV)
PDI-Br2 29.2 2.01 1.33 22.3 566 (2.19 eV)
PDI-Br4 39.1 1.95 1.32 31.1 579 (2.14 eV)

EFFECT OF BROMINATION ON PDI OPTICAL PROPERTIES

The attenuation and emission spectra of the different PDIs in solution and in the solid
state are shown in Figure 3.2. In solution, the absorption spectra of the PDIs with and
without bromines exhibit the characteristic PDI S0 → S1 absorption with vibronic peaks
at 475, 490 and 520 nm. Halogenation in the bay-area increases the absorption between
420 nm and 460 nm corresponding to the S0 → S2 transition. TDDFT calculations show
that the S0 → S2 transition is symmetry forbidden for planar PDIs without bay area sub-
stitution but is partially allowed in the strongly twisted bay area substituted PDI-C8-
Br4.12,17 The steady state emission spectra in solution display Stokes shifts of only a few
nanometres for PDI-C1 and -C8. The Stokes shift increases to almost 50 nm for PDI-
C8-Br4 indicating a larger excited state geometry relaxation.12 In addition, the vibronic
structure becomes less pronounced upon bromination as a result of the loss of the pla-
narity of the PDI core and the broken symmetry.17 The impact of bay-area substitution
on the molecular packing in the solid state can be observed by comparing the steady
state absorption and emission spectra of the thin films with the respective solutions. A
strong broadening and red-shift of the absorption features are observed for PDI-C1 and
PDI-C8, reflecting close packing, accompanied by strong excitonic coupling.18 For the
brominated samples these effects are much less pronounced. Similar to PDI-C1-Br2, for
PDI-C8-Br4 there is a small reorganization of the molecules upon going from solution to
the solid state, indicating weak crystal packing. Moreover, the emission spectra of PDI-
C1 and -C8 have a strong Stokes shift of 204 and 200 nm respectively, which is typical of
excimer emission.19–21 The reduced excitonic interactions can be traced back to a lack
of crystallization and hindered solid state packing in the brominated samples in com-
parison to PDI-C1 and PDI-C8 as substantiated by the absence of reflections in X-ray
diffractograms (Figure B.3a) for PDI-C8-Br4 thin films. However, the powders of all four
PDIs show strong reflections, indicating the possibility to crystallize as shown in Figure
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B.3b.

Figure 3.2: Room temperature normalized steady state absorption and emission spectra for a) PDI-C1, b)
PDI-C1-Br2, c) PDI-C8 and d) PDI-C8-Br4 thin films (solid lines). The solution spectra (dashed lines) shown
in a) and c) come from dissolved PDI-C8 in chloroform, while for b) and d), PDI-PPh-Br2 and PDI-C8-Br4
dissolved in chloroform were used, respectively.

As shown in Figure 3.3a, at 300 K the photoluminescence lifetimes in thin films (ob-
tained from fitting the decay in the first two nanoseconds) vary from 700 ps for PDI-C1
to 890 ps for PDI-C8, which is typical of singlet exciton emission. These lifetimes are
much shorter than for triplet excitons that typically have lifetimes of a few microsec-
onds in PDI thin films.2,12 The fluorescence lifetimes in these solid films are considerably
smaller than in chloroform solutions (τ = 4.5 ns, Figure 3.3b), indicating the presence of
competing non-radiative decay processes in the solid. A possible cause of the reduced
fluorescence lifetime due to closer packing, and thus enhanced electronic coupling be-
tween molecules in solid state, is the occurrence of SF.1–3 An alternative explanation is
the formation of non-emissive excimer states. While intersystem crossing can be a third
possible explanation for the reduced emission lifetime, this can be ruled out since the
fluorescence lifetime of the PDIs in solution, shown in Figure 3.3b, is unaffected by the
bromination. This is consistent with previous studies.12
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Figure 3.3: a) Time-resolved PL in thin films of PDI-C1, -C8 and -C8-Br4. b) Emission spectra of PDI-C8 (with
identical behaviour for PDI-C1), PDI-PPh-Br2 (identical behaviour for PDI-C1-Br2) and PDI-C8-Br4 in
solution.

EFFECT OF TEMPERATURE ON PDI THIN FILM OPTICAL PROPERTIES
In order to gain more insight into the excited state dynamics and decay pathways in
these materials, we have performed temperature dependent optical absorption, emis-
sion and time-resolved PL measurements at temperatures ranging from 300 K to 12 K.
The temperature dependent steady state abosprtion spectra are shown in Figure B.4.
The changes in the optical absorption spectra of the thin films occurring upon cool-
ing to liquid helium temperatures (12 K) are small. This indicates that the molecular
packing is stable and no phase change occurs. In contrast, cooling results in significant
changes in the emission spectra as shown in Figure 3.4 in two ways. Firstly, the emis-
sion intensity, and thus the fluorescence quantum yield, increases upon lowering the
temperature, by two orders of magnitude in the case of PDI-C8. Secondly, the shape
of the emission spectra changes, exhibiting stronger emission at higher energies. The
narrowing of the emission band on the blue side may signify a weaker intermolecular
interaction.18 Furthermore, at 93 K the PL lifetime increases to 1.2 ns and 4.1 ns for PDI-
C1 and -C8, respectively, while the lifetime of the brominated PDIs is virtually unaffected
upon decreasing the temperature as shown in Figure B.5.
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Figure 3.4: Temperature dependent emission spectra measurements of thin films of a) PDI-C1, b) PDI-C1-Br2,
c) PDI-C8 and d) PDI-C8-Br4 as measured in the home build helium cryostat setup. The temperatures vary
from 13 K (yellow) to maximally 333 K (black). The insets show emission spectra normalized at the peak
emission wavelength.

The increase in PL quantum yield and lifetime are both indicative of an thermally
activated non-radiative decay pathway that outcompetes fluorescence at room temper-
ature. The activation energies, EA , for such an thermally activated process have been ob-
tained by plotting the natural logarithm of the photoluminescence decay rate, ln(kPL),
as function of the inverse temperature and by fitting the trend with an Arrhenius relation
as shown in Figure 3.5. From these fits we obtained activation energies of EA = 66 meV
and 24 meV for PDI-C1 and PDI-C8, respectively. The different energies point to the rel-
evance of subtle changes in film packing on exciton dynamics. These values are of the
same magnitude as those reported for strongly coupled chromophores.5 In the case of
tetracene22 and rubrene23, these activation energies have been attributed to thermally
activated non-radiative recombination or singlet fission. However, as singlet fission in
PDIs is known to occur on a sub-ps1 to ps2 timescale and the time resolution of our
photoluminescence setup is 50 ps, it may be that SF is too fast to be responsible for the
observed activation energy. Therefore, it is unlikely that the calculated activation ener-
gies for the PDIs belong to the thermally activated singlet fission process. Therefore, we
have investigated the effects of other possible non-radiative decay pathways to deter-
mine a possible relationship between the observed thermally activated behavior and SF.
Firstly, thermal relaxation related to non-radiative losses has been consdidered. To that
end, we studied the temperature dependence of the PL of isolated PDI molecules (in
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which SF cannot occur) using a solution of a hexylheptyl-imide substituted PDI in the
glassy solvent 2Me-THF. The PL lifetime of the dissolved molecule remained unaffected
by temperature as shown in Figure B.6. This indicates that internal conversion and en-
ergy dissipation from the PDI to its surroundings are not responsible for the thermally
activated decay process observed in the thin films. A second, more likely possibility is the
formation of exothermic fluorescent excimers that are known to occur in closely packed
PDIs.9,19,21 Excimer emission is strongly red shifted compared to fluorescence from iso-
lated which matches with the observations. Furthermore, the increased PL lifetimes at
low temperatures for PDI-C1 and PDI-C8 points to the formation excimer states as the
main contributor to the PDI photoluminescence and as such the found activation ener-
gies.

Figure 3.5: Plot of the natural logarithm of the inverse fluorescence decay time of the different PDIs as
function of inverse temperature. The solid line represents the applied Arrhenius relation: kPL = Ae−E A /kB T .

TRANSIENT ABSORPTION MEASUREMENTS ON PDI FILMS

While the thermally activated deactivation process is mainly related to the formation of
excimers as argued above, PDIs are known to undergo SF with high efficiency in some
cases. Therefore, we have performed femtosecond transient absorption (fs-TA) mea-
surements on the thin films of the four model compounds considered here to establish
whether triplets are formed. The results of these measurements are shown in Figure 3.6.
We observe a strong ground state bleach (GSB) at short times that is reminiscent of the
ground-state absorption spectrum (indicated by dashed lines). Furthermore, all PDIs
show an absorption feature above 600 nm as will discussed below. The triplet absorption
in PDIs is known to occur in the same region as the GSB.24 Such an induced absorption
feature is exactly what we observe in the 520-550 nm region for PDI-C1, PDI-C1-Br2 and
PDI-C8 at times immediately after the excitation pulse. The assignment of this positive
absorption feature to a triplet absorption is consistent with the long lifetime (> 2.7 ns) of
this feature as shown in Figure 3.7.
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Figure 3.6: Transient absorption spectra at different times of thin films of a) PDI-C1, b) PDI-C1-Br2, c) PDI-C8
and d) PDI-C8-Br4 on sapphire upon 480 nm excitation at 1.86·1012 (2.17·1013 for PDI-C8-Br4) photons/cm2.
The dashed line indicates the normalized absorption spectrum of the respective PDI thin films.

From the kinetics of the induced absorption above 600 nm we observe a full decay of
singlet excited states within 3 ns. The overlapping TA features of triplet-triplet absorp-
tion and GSB at wavelengths shorter than 600 nm extend well beyond 3 ns. PDI-C8-Br4

exhibits a distinctly different behaviour as the triplet-triplet absorption feature around
580 nm develops on much longer timescales than observed for the other three com-
pounds. A positive transient absorption feature arises after 6 ps and continues to grow
up to ∼1 ns. This long lived state cannot be due to thermal heating artefacts25 since the
triplet absorption for this molecule is red-shifted, away from the ground state absorp-
tion spectrum. Moreover, the existence of long lived triplet species in analogous tetra-
brominated PDIs12 substantiate the triplet origin of this long-lived feature. In fact, the
DFT calculations on triplet spectra, provided in Table 3.1, show that bromination leads
to a red-shifted triplet absorption going from 2.31 eV (536 nm), to 2.19 eV (566 nm) and
2.14 eV (579 nm) for -Br0, -Br2 and -Br4 substituted PDIs, respectively, which is similar to
the triplet-triplet absorption maximum observed in TA. The rising triplet signal for PDI-
C8-Br4 was approximated with a mono-exponential function and resulting in a singlet
fission rise time of τSF = 16.2 ps (kSF = 6.17·1010 s−1). To confirm the distinct behaviour
of PDI-C8-Br4, we performed TA measurements on a similar tetrabrominated PDI, i.e.
PDI-C1-Br4. Very similar kinetics were obtained as for PDI-C8-Br4 , giving a character-
istic time of τSF = 19.7 ps (kSF = 5.08·1010 s−1), as shown in Figure B.7 in the Supporting
Information. As the SF rise time and overall excited state kinetics of PDI-C1-Br4 and PDI-
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C8-Br4 is very similar, it seems that bay-area bromination dominates the singlet fission
behaviour more than the imid substitution.

The photoinduced absorption above 600 nm is commonly attributed to the S1-Sn

transition in PDIs.2 However, taking into account the temperature dependent PL mea-
surements, it is likely that the photoinduced absorption 600-900 nm region is at least
partly due to excimer states. This also explains why the decay of this absorption feature
does not correlate with the rise of the T1-Tn absorption in PDI-C1, PDI-C8 and PDI-C1-
Br2, This indicates that SF is not the only, or even the primary decay process for the S1

states. Considering the temperature dependent fluorescence measurements presented
above, we conclude that SF competes with excimer formation at short times. This re-
sults in the formation of a limited fraction of triplets formed by SF, while the remaining
singlets transform into excimer states. These excimers have a lower energy and are not
sufficiently energetic to undergo SF.26 A notable exception to this behavior is PDI-C8-
Br4 as the decay of the S1-Sn matches the growth of the T1-Tn absorption. This indicates
that excimer formation is prohibited in PDI-C8-Br4 by the strong twisting of the core.
Therefore, the decay of the singlet population correlates with the growth of the triplets as
there is no competing process here. The transient absorption measurements presented
here indicate that a reduced excitonic interaction between neighbouring molecules does
not necessarily inhibit the occurrence of SF, but may be beneficial for SF because it pre-
vents excimer formation. This shows that significant modifications to the PDI structure
are possible leading to strongly enhanced solubility and reduced excitonic interactions
while maintaining or even enhancing formation of triplet excited states.

The SF efficiency can be estimated via three main methods: 1) triplet sensitization
to obtain a triplet extinction coefficient and subsequent subtraction from the spectrum,
2) global analysis using known extinction coefficients and spectra and 3) the singlet de-
pletion method, i.e. GSB quantization.27 All methods have their weaknesses and are not
regularly in agreement, which is why we have chosen not to calculate a triplet yield but
describe the triplet feature qualitatively. For PDI-C1 and PDI-C8 we observe a strong
triplet absorption feature that persists after 2.7 ns as was shown previously for PDI-C8.25

In TA experiments, the pump fluences are typically high enough for singlet-singlet
annihilation (SSA) to occur. The SSA leads to a hot singlet exciton that relaxes to the first
excited singlet state during while releasing energy as heat to the surroundings. This ther-
mal heating of the surroundings is known to induce a temporal change in the absorption
spectrum of the PDI and may lead to a thermal heating artefact in the GSB region of the
TA spectrum.25 To address the issue of SSA leading to a thermal heating artefact, we com-
pared the decay kinetics of T1-Tn and S1-Sn of the PDIs as function of the substrate, i.e.
fused silica (dashed line) and sapphire (solid line) glass, shown in Figure 3.7. Since fused
silica has an approximately 40 times lower thermal conductivity than sapphire, signifi-
cant thermal heating artefacts due to SSA are expected, affecting both the absolute size
and decay kinetics in the GSB region. As obvious from Figure 3.7, the decay kinetics of
singlet and triplet absorption is close to identical on fused silica and sapphire for PDI-C8
and PDI-C8-Br4, while for PDI-C1 and PDI-C1-Br2, the TA features in the sapphire film
have a slightly larger magnitude. From this we can conclude that the decay kinetics in
PDIs at the used excitation fluence does not significantly affect the decay kinetics of the
triplet as we should have seen an effect between fused silica and sapphire. The differ-
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ence in absolute height may indicate a limited thermal heating effect, but the kinetics
of the triplet absorption at 2.7 ns overlaps for both substrate-based samples making a
triplet yield analysis via the singlet depletion method valid. To further study the effect
of excitation fluence, we used an order of magnitude higher excitation fluence on the
sapphire-based films and in Figure B.8 we observe a strong increase in the decay of all
excited state species, indicative of SSA. This measurement shows how SSA can directly
affect the excited state decay kinetics irrespective of thermal heating.

Figure 3.7: Kinetic traces of the ground state bleach (GSB), triplet absorption (T1-Tn ) and the singlet
absorption (S1-Sn ) for a) PDI-C1, b) PDI-C1-Br2, c) PDI-C8 and d) PDI-C8-Br4 on sapphire (solid lines) and
fused silica (dashed lines) substrates. The traces are the average of a wavelength region as indicated in the
lower right corner.

The lifetime of the triplet species generated by SF was studied using ns-TA experi-
ments where we photoexcited the PDI samples on fused silica and sapphire at 480 nm,
see Figure 3.8. The ns-TA measurement show a slower decay of the GSB and T1-Tn of
PDI-C1 and PDI-C8 in the case of a fused silica substrate, compared to sapphire which
is in line with the dissipation of heat occurring after thermal heating of the sample (note
that the excitation density in these experiments is much higher than in the fs-TA ex-
periment). This clearly demonstrates the influence of SSA on the nano-to-microsecond
excited state decay kinetics and the benefit of using sapphire substrates at high fluences.
For PDI-C1-Br2 there is a weaker effect of the substrate, and thus thermal heating, on the
observed decay kinetics of GSB and triplets and in and PDI-C8-Br4 there is hardly any dif-
ference between the two substrates which may either be due to the low optical density of
the film or the fact that the triplet absorption is not overlapping with the GSB region for
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this compound. We can fit the triplet-triplet absorption with a biexponential decay and
find a two-component triplet lifetime, provided in Table 3.2, where the short component
has a lifetime of τT,1= 30-80 ns while the longer-lived component ranges from τT,2= 270-
600 ns. The existence of multiple triplet lifetimes may stem from the highly disordered
nature of even polycrystalline solid-state systems where a variety of non-radiative decay
processes may exist. This is consistent with the significantly lower triplet lifetime com-
pared to that of PDIs in solution (τT,s > 30 µs).28 We also cannot rule out effect due to
triplet-triplet annihilation.

Figure 3.8: Kinetic traces of GSB on sapphire (black) and fused silica or ’quartz’ (grey) and of the T1-Tn on
sapphire (blue) and quartz (light blue) substrates with thin films of a) PDI-C1, b) PDI-C1-Br2, c) PDI-C8 and
d) PDI-C8-Br4 in the microsecond regime upon 480 nm excitation at a photon fluence of 2.10·1015

photons/cm2.
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Table 3.2: Triplet lifetimes as obtained from a bi-exponential fit on the ns-TA triplet transient.

PDI T1-Tn

τT,1 (ns) τT,2 (ns)
C1 32.3±0.5 (95%) 611.7±313.0

C1-Br2 33.7±2.0 (48%) 274.7±10.4
C8 109.4±1.0 (100%) 0

C8-Br4 83.4±1.9 (60%) 482.3±9.4

3.4. CONCLUSIONS
In this work we have examined the effect of bromination of the aromatic core of perylene
diimide molecules on their excited state dynamics. We have measured the effect of bay-
area bromination in PDIs on both the optical absorption, emission spectra and lifetime
and found that bromination changes the molecular packing and thereby decreases the
coupling between PDI chromophores. Temperature dependent measurements show the
presence of a temperature activated process, which is attributed to excimer formation.
Ultrafast (fs) transient absorption measurements show for all compounds, SF results in
significant formation of triplet excited states, despite the pronounced changes in molec-
ular packing on bromination. We conclude that in PDIs without bromines or only two
bromines in the bay area, SF occurs in competition with excimer formation, resulting
in relatively low SF yields. Introduction of four bromine atoms in the bay area results
in significant distortion of the structure which prevent excimer formation. This shows
that while bay area substitution of PDIs decreases the excitonic interactions between
the neighbouring molecules, this is in fact beneficial for SF as it prevents the occurrence
of the competing process, i.e. excimer formation.
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SOLID-STATE INFRARED

UPCONVERSION IN PDIS

FOLLOWED BY DIRECT ELECTRON

INJECTION

In this contribution we demonstrate a solid-state approach to triplet-triplet annihilation
upconversion for application in a solar cell device in which absorption of near-infrared
light is followed by direct electron injection into an inorganic substrate. We use time-
resolved microwave photoconductivity experiments to study the injection of electrons into
the electron-accepting substrate (TiO2) in a trilayer device consisting of a triplet sensitizer
(fluorinated zinc phthalocyanine), triplet acceptor (methyl subsituted perylenediimide),
and smooth polycrystalline TiO2. Absorption of light at 700 nm leads to the almost quan-
titative generation of triplet excited states by intersystem crossing. This is followed by Dex-
ter energy transfer to the triplet acceptor layer where triplet annihilation occurs and con-
cludes by injection of an electron into TiO2 from the upconverted singlet excited state.

This chapter is based on: Felter, K. M., Fravventura, M. C., Koster, E., Abellon, R. D., Savenije, T. J., and Grozema,
F. C. (2020). Solid-State Infrared Upconversion in Perylene Diimides Followed by Direct Electron Injection. ACS
Energy Letters, 5(1), 124-129.
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4.1. INTRODUCTION
One of the major factors limiting the energy conversion efficiency of single junction so-
lar cells to the Shockley-Queisser limit is the inability of the active materials to absorb
photons with energies lower than their bandgap.1 A promising approach to overcome
this problem is the incorporation of an upconverter material that combines the energy
of multiple low-energy photons into a single high-energy photon.2 Theoretically, it has
been predicted that this can increase the conversion efficiency of a single-junction so-
lar cell to 50.7% for an ideal upconverter material.3 The most commonly used upcon-
verter materials are based on lanthanide compounds, for instance NaYF4:Er3+, Yb3+
and NaYF4:Er3+ with quantum efficiencies of 5% and 3% under monochromatic irradia-
tion, respectively.4 However, the upconversion efficiency of such materials is limited by
their very narrow absorption spectrum and the fact that upconversion, being a higher-
order process, requires high light intensities to be efficient.5,6 An alternative approach
is to exploit triplet-triplet annihilation upconversion (TTA-UC) using a combination of
two different organic molecules as shown in Figure 4.1.6–9 The process requires a chro-
mophore, the triplet sensitizer (TS), that absorbs light in the near-infrared region and
efficiently converts the initially formed singlet excited state into a triplet via intersystem
crossing (ISC). These triplets are then transferred, by Dexter energy transfer, to a second
molecule, the triplet acceptor (TA), with a lower-lying triplet state. If a sufficiently high
concentration of excited -tate triplet acceptors builds up, TTA-UC can occur, leading to
the formation of a singlet excited state. Emission can then occur by the high-energy
singlet. There are two distinct advantages to this approach over the use of rare earth
materials. First, the absorption bands of organic chromophores are generally broad and
can be tuned relatively easily by chemical modification. Second, the key intermediate is
a triplet excited state that generally has a very long lifetime. The latter makes it possible
to build up a sufficient concentration of excited states, even under low light conditions.9

Figure 4.1: Scheme showing the TTA-UC process in a system composed of a triplet sensitizer (TS) and triplet
acceptor (TA). Near-infrared light (NIR) is absorbed and creates a singlet excited state, S1, that converts to a
triplet state, T1, via intersystem crossing (ISC). The triplet is transferred via Dexter energy transfer to the
acceptor where it can undergo TTA-UC with a neigboring acceptor molecule in the T1 state. Emission of
visible light (VIS) can then occur via photoluminscence (PL).

Upconversion by triplet-triplet annihilation has been extensively studied in solution,
reaching quantum yields up to 32-38%.10–12 While such efficiencies are impressive, it is
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rather undesirable from a technological point of view to use a solution-based system for
large-scale applications. There have been attempts to show the same type of upconver-
sion in rubbery polymer matrices, but the efficiency is limited by their poor molecular
diffusion.13,14 An additional complication of the upconversion by triplet-triplet annihi-
lation is that it usually relies on re-emission from the upconverted singlet state. This in-
troduces an additional loss mechanism in solar cells because the emitted photons have
to again be absorbed efficiently by the active semiconducting material. In this work, we
show that both these problems can be overcome by using a system that consists of two
layers of crystalline materials where triplet energy transfer and triplet-triplet annihila-
tion rely on exciton diffusion rather than molecular diffusion. After TTA-UC, the result-
ing singlet excited state directly injects an electron into a TiO2 substrate, bypassing the
emission and reabsorption steps. A recent review on solid-state upconversion discussed
the different strategies involving supramolecular, macromolecular and self-assembled
systems to enable solid-state upconversion.9 One strategy, explored by Hanson et al., in-
volves the fabrication of a dye sensitized system with triplet sensitizer anchored to the
triplet acceptor which, in turn, is anchored to the electron acceptor TiO2.15–17 This up-
converter architecture is similar to our approach, although there still is a dependence
on the liquid medium containing electrolytes. One alternative solid-state upconversion
system involves a spincoated film consisting of triplet acceptor molecules that are doped
with triplet sensitizer molecules to provide triplets and highly fluorescent energy col-
lectors that collect upconverted singlets and recombine them radiatively. The doping
of the triplet acceptor by both sensitizer and energy collector acts to mitigate singlet
back energy transfer from the triplet acceptor to the triplet sensitizer because of a lack
of physical contact between the triplet sensitizer and energy collector.18 This promising
study showed that exciton motion can provide reasonable upconversion in the solid-
state, although the system still relies on the emission of photons as a way to harvest the
energy gained by upconversion. Similarly, another study on a solid-state upconversion
system successfully demonstrated the prevention of singlet back-transfer from upcon-
verted singlets in the triplet acceptor to the triplet sensitizer by using a neat layer of the
triplet acceptor layer.19

The solid-state upconversion system that we demonstrate here consists of two crys-
talline layers (Figure C.1b) of fluorinated zinc phthalocyanine (F16ZnPc) and perylenete-
tracarboxylic acid diimide (PDI-CH3) whose structures are shown in Figure 4.2a. The
layers are deposited on top of a smooth polycrystalline titanium dioxide (TiO2) layer as
shown in the atomic force microscopy image shown in Figure C.1a, that forms the trilayer
system. F16ZnPc acts as the near-infrared absorber and very efficient triplet sensitizer
that has a triplet energy level that is appropriate to facilitate downhill energy transfer to
PDI-CH3 that acts as triplet acceptor where upconversion occurs. Finally, electrons are
directly injected from the upconverted singlet excited state of PDI-CH3 into TiO2. The
energy cascade leading to charge injection from upconverted singlets is schematically
depicted in Figure 4.2b. Using this trilayer architecture, we show that near-infrared pho-
ton absorption at 700 nm photons can lead to charge injection into TiO2 from PDI-CH3,
while it does not absorb near-infrared photons by itself. Instead, selective optical ab-
sorption in the near-infrared by F16ZnPc, shown in Figure 4.2c, readily generates triplet
states with high efficiency that transfer to PDI-CH3 and undergo TTA-UC to singlet states
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that can thus provide charge injection. The system does not rely on molecular diffusion
but uses exciton motion, which is proven to be sufficiently efficient in the crystalline
materials used. This trilayer architecture involving intraband exciton transfer between
triplet sensitizer and acceptor can be regarded as an example of the photoactive part of
an intermediate band solar cell.20

Figure 4.2: a) Molecular structures of PDI-CH3 and F16ZnPc. b) Schematic representation of the trilayer
sample structure with triplet and singlet (HOMO and LUMO) energy levels for F16ZnPc21 and PDI-CH3

22–25,
with respect to the conduction band edge (CB) of TiO2.26 c) Attenuation spectra of the
TiO2/PDI-CH3/F16ZnPc trilayer (green) and single-layer films of TiO2 (black), PDI-CH3 (red), and F16ZnPc
(blue).

4.2. EXPERIMENTAL SECTION
N,N’-Dimethyl-3,4,9,10-perylenedicarboximide (PDI-CH3) and zinc 1,2,3,4,8,9,10,11,15,
16, 17,18,22,23,24,25-hexadecafluoro-29H,31H-phthalocyanine (F16ZnPc), powders were
purchased from Sigma-Aldrich and used without further modification. The polycrys-
talline TiO2 coated fused silica substrates (∼90 nm thickness) were purchased from Ever-
est Coatings Inc. and treated at 450◦C for two hours in a furnace. A 15 nm layer of PDI-
CH3 and subsequently a 30 nm layer of F16ZnPc were thermally evaporated on top of
TiO2 films at 10−6 mbar as outlined in Appendix C.

4.3. RESULTS AND DISCUSSION
In Figure 4.3a we show the time-resolved photoconductance of the trilayer system
TiO2/PDI-CH3/F16ZnPc upon selective photoexcitation of the triplet sensitizer at 700
nm. The trilayer photoconductance exhibits a delayed rise over hundreds of microsec-
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onds that we corrected for intrabandgap excitation of the TiO2. The photoconductance
due to intrabandgap excitation of the TiO2, the original trilayer photoconductance and
the subtracted trilayer photoconductance are shown in C.3 in Supporting information.
In contrast, bilayer films of TiO2/PDI-CH3 and
TiO2/F16ZnPc, also shown in Figure 4.3a do not exhibit appreciable photoconductivity
on the measured time scale, indicating that charge injection into TiO2 does not occur
upon photoexcitation at 700 nm. The absence of electron injection in the TiO2/PDI-CH3

bilayer is attributable to negligible optical absorption at 700 nm, although the electron
affinity of PDI-CH3, being 3.6 eV22–25, would allow charge injection into TiO2 with an
electron affinity of 4.2 eV26. In the case of the TiO2/F16ZnPc bilayer, there is strong ab-
sorption by the F16ZnPc at 700 nm, but its electron affinity of 5.1 eV21 is larger than that
of TiO2, preventing direct charge injection into the TiO2 conduction band from either
its lowest singlet or triplet state. Furthermore, we measured a trilayer system with re-
versed PDI-CH3 and F16ZnPc ordering on the TiO2 substrate. As evident in Figure 4.3a,
this trilayer does not show any delayed rise, indicating the necessity of the specific or-
dering of the trilayer structure, i.e. triplet sensitizer - triplet acceptor - electron acceptor.
We conclude that a sequential stepwise mechanism must be operative in which 700 nm
light is absorbed by F16ZnPc forming an initial singlet excited state that is rapidly con-
verted into a slightly lower-lying triplet state by intersystem crossing.27,28 These triplet
states are subsequently transferred to the PDI-CH3 layer by Dexter energy transfer, lead-
ing to an accumulation of low-lying triplet excited states in this layer. The energy of these
triplet states is lower than in F16ZnPc; therefore direct injection into TiO2 is prohibited,
as it is for F16ZnPc.

However, in the PDI-CH3 layer triplet-triplet annihilation can occur, mediated by
triplet exciton diffusion, leading to the formation of a singlet excited state with high
enough energy to inject an electron into the TiO2 conduction band.29–31 In a previous
study we showed the injection of singlets in two PDI derivatives into TiO2 that was used
to estimate exciton diffusion lengths.32 It should be noted that a dynamic equilibrium
exists between the singlet and triplet populations in PDI-CH3 that results from a bal-
ance in singlet fission and triplet-triplet annihilation upconversion. The dominant role
of triplet exciton diffusion can be directly observed in the dynamics of charge injection in
TiO2.33 This injection, and hence the growth of the photoconductivity, is seen to extend
over hundreds of microseconds (see Figure 4.3a), much longer than the singlet lifetime.
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Figure 4.3: a) Photoconductivity transients of two trilayer systems, TiO2/PDI-CH3/F16ZnPc (15/30 nm) and
TiO2/F16ZnPc/PDI-CH3 (30/15 nm) and bilayer films of PDI-CH3 (15 nm), F16ZnPc (30 nm), and TiO2 upon
700 nm excitation at an incident photon fluence of I0 = 2.3·1014 photons/cm2. b) Fluence dependence of the
TiO2/PDI-CH3/F16ZnPc (15/30 nm) trilayer photoconductivity transients at 700 nm for I0 ranging from I0 =
9.5·1011 -7.4·1014 photons/cm2. ac) Fluence-dependent yield of injection for the TiO2/ PDI-CH3/F16ZnPc
trilayer. Inset: fluence dependence of the maximum signal ∆GM AX .

In Figure 4.3b we show the photoconductance in the trilayer as a function of the in-
cident photon fluence upon excitation of the F16ZnPc at 700 nm. An increase in the
photon fluence increases the concentration of triplet states in the F16ZnPc. This, in turn,
leads to an increased PDI-CH3 triplet concentration after Dexter energy transfer from
the F16ZnPc that increases the formation of singlet states that can charge separate and
inject an electron into the TiO2 conduction band. The maxima of the measured photo-
conductivity transients,∆GM AX , are plotted logarithmically as a function of the incident
photon fluence, I0, in the inset of Figure 4.3c. ∆GM AX exhibits a square root depen-
dence on the fluence over the entire fluence range. In contrast, solution-based triplet
sensitizer and acceptor systems that involve monitoring the upconverter emission, dis-
play a quadratic-to-linear transition of emission intensity with excitation fluence.6 The
quadratic-to-linear transition is due to diffusion limited triplet-triplet encounters at low
concentrations, while larger fluences saturate the triplet state concentration such that
the TTA-UC becomes optimal and the emission intensity scales linearly with the flu-
ence. The square root dependence of injection efficiency on excitation fluence can be
attributed to a combination of two factors. First, the fluence range that we use to probe
the photoconducitivity is either not capable of saturating the PDI-CH3 with triplet states,
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corresponding to the quadratic regime, or the lowest fluence used already ensures a sat-
urated PDI-CH3 triplet population, where all triplets find an annihilation partner and
upconvert, corresponding to the linear regime. Second, the square root dependence in-
dicates that a singlet decay process plays a role that may involve singlet fission which
is known to occur effectively in PDI-CH3.34 We exclude second-order exciton recombi-
nation processes in F16ZnPc as the cause of the square root fluence dependence as we
do not observe a F16ZnPc exciton density dependence on the maximum photoconduc-
tance. We tested this by photoexciting the trilayer from the front side (FS) and the back
side (BS), corresponding to an excitation profile with a maximum at the F16ZnPc/air
and PDI-CH3/F16ZnPc interface, respectively. One would expect that excitation from the
front, with creating a large concentration of F16ZnPc excitons at the F16ZnPc/air inter-
face, allows for more exciton-exciton annihilation events to occur as excitons need to dif-
fuse toward the PDI-CH3/F16ZnPc to transfer into the PDI-CH3 in contrast to a reversed
excitation profile in the back side excitation. However, we observe no such influence of
excitation side on the ∆GM AX fluence dependence, implying that second-order exciton
recombination is not playing a role in the F16ZnPc. Furthermore, diffusion limitations in
the PDI-CH3 and relatively low electron injection efficieny into the TiO2 make it unlikely
that second-order processes play a role in either PDI-CH3 or TiO2.32 From ∆GM AX we
determined the yield of mobile electrons, φe−i n j , from absorbed photons as

φe−i n j = ∆GM AX

ΣµβeI0FA
(4.1)

where Σµ = 2.3 cm2/(Vs) is the mobility of electrons in the conduction band of TiO2

measured upon front side illumination. We determinedΣµ using the photoconductance
values of bare TiO2 as function of incident photon fluence as shown in Figure C.2. β is
a geometrical factor, I0 the light intensity, and FA the fraction of absorbed light at the
wavelength of interest.35 As shown in Figure 4.3c, the resulting φe−i n j reaches maxima
of 0.92% upon front side excitation and 0.46% for back side excitation at the lowest flu-
ence measured. The almost linear fluence dependence of ∆GM AX indicates that at the
investigated excitation densities, all triplets find an annihilation partner and undergo
TTA-UC, in analogy with the fluence dependence of the TTA-UC process in solution un-
der high illumination conditions.6 The observed trend for φe−i n j , i.e. decreasing upon
increasing the fluence, can be explained by the occurrence of second-order recombina-
tion processes in the organic layers, e.g. singlet-singlet and/or triplet-triplet annihilation
in PDI-CH3, and/or second-order interfacial recombination. The low φe−i n j is at least
partially due to a low electron injection efficiency from PDI singlets that is commonly
only a few percent.32 We cannot determine the electron injection efficiency as photoex-
citation of PDI-CH3 leads to an unknown ratio of singlets and triplets and only singlets
can charge separate. Therefore, we cannot quantify the amount of singlets that charge
separate at the TiO2 interface as function of the absorped amount of photons, i.e. the
singlet charge separation yield for this specific sample. As a result, isolation of the TTA-
UC efficiency fromφe−i n j by correcting for the singlet charge separation yield is also not
possible. The presence of singlet fission in PDI-CH3 also decreases the concentration of
upconverted singlets and is another loss channel for the upconversion process. Finally,
it is worth noting that TTA-UC requires two absorbed photons to generate one singlet
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excited state in PDI-CH3, therefore defining the maximum number of injected electrons
per absorbed photon to be 0.5. By setting this equal to 100% upconversion efficiency,
we obtain an actual lower limit for the upconversion of 1.8%. In order to directly con-
firm the formation of low-lying triplet excited states in PDI-CH3 upon 700 nm excitation
of F16ZnPc, we have performed nanosecond transient absorption (TA) measurements.
The changes in the optical absorption spectrum of PDI-CH3 originating from ground-
state bleach and triplet-triplet absorption are shown in Figure 4.4a. Upon 709 nm laser
pulse excitation, a PDI-CH3/F16ZnPc bilayer on a sapphire substrate exhibits two char-
acteristic transient absorption features: bleach of the ground-state absorption of PDI-
CH3 at 584 nm probe wavelength and a triplet-triplet absorption at 520 nm, as described
previously.36 This is corroborated by a decrease of the delayed rise in the photoconduc-
tance of the trilayer upon oxygen exposure that can be related to the well-known quench-
ing of triplets by triplet oxygen (Figure C.4).36 In the transient absorption spectra of the
respective monolayers we do not observe any change in the optical absorption spectrum
under identical conditions. In solution, the triplet lifetime of zinc phthalocyanines is on
the order of hundreds of microseconds which makes the observation of a triplet absorp-
tion or ground-state bleach in the TA measurement likely.37 However, the absence of a
triplet absorption or ground-state bleach from F16ZnPc indicates that energy transfer is
complete and occurs within a few nanoseconds. The temporal evolution of the PDI-CH3

bleach in a PDI-CH3 only upon 480 nm and a PDI-CH3/F16ZnPc film upon 709 nm exci-
tation is shown in Figure 4.4b in red and black, respectively. The signal is characterized
by an instrument-limited rise, indicating that the PDI-CH3 triplets are formed on a sub-
nanosecond time scale and have a lifetime of τT 1 = 33 ns.34 The absence of an optical
absorption caused by singlets or charge carriers at wavelengths above 620 nm indicates
that triplets are the main photophysical species present in the PDI-CH3 layer. This is
corroborated by the identical decay of the bleach and triplet-triplet absorption shown in
Figure C.5. The discrepancy between the 33 ns triplet lifetime from ns-TA and the mi-
crosecond rise in the photoconductance observed in TRMC can be explained by the fact
that only a relatively small portion of triplet excitons can upconvert and inject charges
on the microsecond time scale. These can easily be detected in the TRMC experiment
but are below the detection limit in the time-resolved optical absorption experiment.
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Figure 4.4: a) Transient absorption spectra at t = 26 ns for a 150 nm thick PDI-CH3 layer (blue), 70 nm thick
F16ZnPc (green) and 150/70 nm PDI-CH3/F16ZnPc bilayer (black) excited at 709 nm, and 150 nm thick
PDI-CH3 excited at 480 nm (red). b) Temporal evolution of the PDI-CH3 GSB in the PDI-CH3 film upon 480
nm and PDI-CH3/F16ZnPc bilayer upon 709 nm excitation. The photon fluences upon excitation at 480 and
709 nm were 2.1·1015 cm−2 and 1.5·1015 cm−2, respectively.

4.4. CONCLUSIONS
In this work we have demonstrated the occurrence of the TTA-UC process in a TiO2/PDI-
CH3/F16ZnPc trilayer, where the singlet excited state formed by upconversion directly
injects into the TiO2. We show this by studying the photoconductance signal originat-
ing from selective 700 nm excitation of F16ZnPc and subsequent electron injection from
PDI-CH3 into the TiO2 conduction band. We observe a delayed electron injection occur-
ring over a millisecond time scale. From the agreement between transient absorption
spectra of a PDI-CH3 film and a PDI-CH3/F16ZnPc bilayer upon excitation of the sensi-
tizer it is concluded that successful triplet energy transfer from the triplet sensitizer to
the PDI acceptor occurs. The delayed rise of the TRMC signal is ascribed to PDI-CH3

triplet states undergoing TTA-UC and resulting in upconverted PDI-CH3 singlet states
that charge separate at the TiO2/PDI-CH3 interface. In our system the absorbed pho-
ton to injected electron efficiency reaches a maximum of 1.8%, the lower limit of the
up-conversion efficiency. These results might be further improved by optimizing the
thickness of the triplet sensitizer F16ZnPc and triplet acceptor PDI-CH3, in order to pro-
mote efficient exciton diffusion. Our experimental approach offers an effective tool to
study the TTA-UC process in poorly luminescent materials, such as PDI-CH3 thin films.
The demonstrated trilayer structure may be tested in a photovoltaic device as the energy
alignment would in principle allow hole and electron transport throughout the photoac-
tive part.
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5
TRIPLET EXCITON DIFFUSION IN

PDI THIN FILMS MEDIATED BY

SINGLET FISSION

There is an intimate link between unconventional photo-processes such as singlet fission
(SF) and triplet-triplet annihilation upconversion (TTA-UC) and the diffusion of (triplet)
excitons. There are considerable debates on these diffusion processes as it is not clear for
instance how triplets move, as individual triplets or as correlated triplet pairs. In addi-
tion, there is very limited information about the temperature dependence of exciton diffu-
sion, especially for triplet states. In this chapter we discuss the effect of temperature and
molecular packing on exciton diffusion for thin films of a perylene diimide derivative. We
have used the time resolved microwave photoconductivity technique to probe free mobile
charge carriers that are generated at a planar heterojunction interface from excitons with
a microsecond lifetime.
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5.1. INTRODUCTION

Exciton diffusion in organic semiconductors is a key process1 in the design of opto-
electronic devices based on organic semiconductors. A prime example where this plays a
role is in organic photovoltaics (OPV) where generation of charge generally takes place at
an interface between a donor and an acceptor material. This requires that excitons cre-
ated far from this interface diffuse over longer distances to finally dissociate into charges.
In many cases the relevant excitons are singlet excitons, as these are the ones that are ini-
tially formed on photoexcitation. However, recent developments in OPV2–4 and silicon-
based photovoltaics5 aim to improve the device efficiency by the singlet fission process
(SF). In SF the energy of a photo-excited molecule that is initially in the lowest singlet
excited state (S1) splits up and distributes its energy between itself and a neighbouring
ground-state molecule, with the net result two triplet first excited states (T1). This pro-
cess therefore has the potential to exploit high-energy photons in the solar spectrum
more efficiently by using the extra energy to generate an additional excited electron.
Theoretically, SF can be a viable approach to overcome the Shockley–Queisser barrier.
There are certain restrictions to the occurrence of SF in organic compounds. First of
all, the S1 state should be at least twice as high in energy as T1. In addition, the mutual
orientation of neighboring molecules in the materials strongly affect the efficiency and
rate of SF.6 An important class of SF compounds in which the mutual orientation can be
systematically varied are perylene diimides (PDIs). Theoretical7 and experimental8–12

studies, of which one is presented in Chapter 3, revealed that PDI compounds facili-
tate efficient SF in the solid-state owing to their favourably positioned energy levels and
large electronic coupling values for SF. Quantum chemical simulations pointed to the
relevance of the PDI imid substituent for the SF rate (kSF ) and efficiency (φSF ), as sub-
stituents in this position affect solid-state packing and the resulting electronic coupling
of the dimer and morphology on a macroscale.7,11,13 Upon utilizing the proper imid sub-
stituents, predicted kSF as high as 79 ps−1 is achieved in PDIs, being at least one order
of magnitude larger than what is observed in the well-known SF material anthracene,
with efficiencies as high as 200%.11 Such high efficiencies have been experimentally ver-
ified by fs-transient absorption spectroscopy measurements and appear quite common
in PDIs.14

An important current question in the field of singlet fission is related to the diffu-
sion of the excited state species that are formed. As discussed in Chapter 1, the initially
formed S1 state is believed to transformed into a correlated triplet pair state 1(TT) that
is an overall singlet. This 1(TT) state can be a mixed state that still contains some sin-
glet character and this coherent pair of triplets can diffuse as a single species. The 1(TT)
state can eventually break up into two independent triplets that then diffuse according
to the Dexter mechanism. A suitable measurement technique that can be used to indi-
rectly probe exciton diffusion is the time resolved microwave photoconductivity (TRMC)
technique that is based on the interaction of microwaves and a dielectric medium.15 In
TRMC we probe changes in conductivity of a sample by the formation of mobile free
charge carriers that are formed upon diffusion of excitons towards an organic hetero-
junction interface of an electron or hole acceptor material where charge separation oc-
curs. The TRMC technique has shown its use for determining exciton diffusion lengths
(ΛE XC ) in organic chromophores such as C6016, various porphyrins17,18, and for well-
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packed PDIs (ΛE XC = 60 nm) as shown in Chapter 2. We recently performed a TRMC
study on triplet-triplet annihilation upconversion (UC) in a trilayer heterojunction sys-
tem composed of a smooth layer of the electron acceptor titanium dioxide (TiO2), a di-
methyl imid substituted PDI derivative (PDI-CH3) as triplet acceptor and a fluorinated
zinc-phthalocyanine (F16ZnPc) as triplet sensitizer as discussed in Chapter 4. It is shown
there, that photogenerated triplet excitons in F16ZnPc transfer to PDI-CH3 that subse-
quently upconvert to singlet states that, in contrast to the triplet states, charge separate
at the TiO2/PDI-CH3 interface. A delayed rise is observed in the photoconductance sig-
nal on a time scale of hundreds of milliseconds that reflect the slow injection of electrons
in TiO2. This feature is attributed to long-lived triplet excitons in PDI-CH3 that diffuse
through the PDI layer and are transformed back into singlet states by triplet-triplet an-
nihilation upconversion, upon which they charge separate.

In this chapter we examine the exciton diffusion process occurring in the PDI-CH3

layer in more detail and investigate how the diffusion of photogenerated excitons in PDI-
CH3 is affected by temperature. Planar heterojunction bilayer systems of TiO2 and PDI-
CH3 are deposited and the injection of charges into TiO2 upon photoexcitation of PDI-
CH3 is followed in time by TRMC measurements. By observing the effect of temperature
on the kinetics and yield of mobile and free electrons in TiO2, we can indirectly obtain
information on the temperature dependence of the exciton diffusion process after anal-
ysis of the carrier decay with a kinetic model of exciton dynamics.

A pronounced delayed rise is observed in the photoconductance in time scales of
tens to hundreds of microseconds. This is way beyond the lifetime of singlet excited
state and therefore has to involve other species, specifically triplets. We attribute the
delayed injection of charges in TiO2 to charge separation of singlets that are in a dy-
namic equilibrium between singlet and electronically coherent triplet pair states as a
result of the singlet fission. We propose that long lived triplet pair states are responsi-
ble for the observed microsecond singlet lifetime. We test our hypothesis with a one-
dimensional kinetic model that includes exciton diffusion, singlet-singlet annihilation,
singlet fission, triplet pair fusion and triplet pair decoherence. The model indicates that
a triplet pair state may be responsible for the observed delayed growth in the photocon-
ductance based on the value of the modelled exciton diffusion coefficient.

5.2. EXPERIMENTAL SECTION

SAMPLE PREPARATION AND CHARACTERIZATION

We study planar heterojunction systems composed of a thin-film bilayer of 100 nm N, N’-
dimethyl-3,4,9,10-perylenedicarboximide (PDI-CH3) on top of a smooth polycrystalline
TiO2 (∼90 nm thickness) film on fused silica substrates (ESCO, 12 x 25 x 1 mm). The poly-
crystalline TiO2 coatings on fused silica were purchased from Everest Coatings Inc. and
annealed for two hours at 450◦C in a furnace to improve stoichiometry and conductiv-
ity prior to deposition. PDI-CH3 was purchased from Sigma-Aldrich and used without
further treatment. Prior to evaporation, the TiO2 film was plasma cleaned (two minutes,
in air plasma) to clean and activate the surface. Thermal evaporation was carried out
in an AJA ATC Orion evaporator during which the powders were heated beyond the sub-
limation temperature under high vacuum conditions (10−7-10−6 mbar) to the desired
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evaporation rate of 0.3 Å/s. The deposition rate was monitored using a quartz micro-
crystal balance and the sample holder was rotated at 25 rpm to ensure film homogene-
ity. The films were heated on a hotplate in a N2 environment for 90 minutes to ensure
the removal of oxygen and improve molecular packing. The thin film topology was mea-
sured using atomic force microscopy (AFM) on an NTEGRA Prima AFM operated in tap-
ping mode, and the crystallinity was studied using X-ray diffraction measurements in
Bragg-Brentano geometry with a Brüker D8 X-ray diffractometer (Co Kα1 radiation, λ =
1.79 Å) and analysed with the Brüker program EVA. The steady state optical absorption
measurements were performed in a Perkin Elmer Lambda 1050 spectrometer with the
sample placed inside an integrating sphere to measure attenuation.

FLASH PHOTOLYSIS MICROWAVE CONDUCTIVITY
The details and basic principles of the home-build TRMC setup that were used for this
work have been described before.19 In summary, in the TRMC setup, samples are pho-
toexcited with a 3.5 ns wide laser pulse (tuneable from 250-2100 nm) under continuous
exposure to an 8.5 GHz AC microwave field. Free mobile charge carriers that are gen-
erated upon photoexcitation absorb microwaves and giving rise to a temporal decrease
in microwave power (∆P/P ) which is measured by a microwave detector. ∆P/P can be
related to a transient change in the sample photoconductivity ∆G(t ) using a predefined
microwave dependent sensitivity factor K , giving:

∆P (t )

P
=−K∆G(t ) (5.1)

The maximum in the photoconductivity∆GM AX is related to the product of the sepa-
ration yield η and mobility µi of free and mobile charge carrier (i.e. electrons and holes),
according to:

∆GM AX

βeI0
= η∑

i
µi (5.2)

whereβ is the ratio between the inner width and length dimensions of the microwave
cavity, e is the elementary charge and I0 the incident photon fluence. The sample is
loaded into a nitrogen-filled microwave cavity cell that allows microwaves to resonate
and interact optimally with the sample. Measuring under microwave resonant condi-
tions in the cavity cell improves the signal-to-noise ratio of the photoconductivity signal,
but increases the instrumental response time to 16 ns.
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5.3. RESULTS AND DISCUSSION

CHARGE SEPARATION AND EXCITON DIFFUSION IN THE TIO2/PDI-CH3 HET-
EROJUNCTION

In order to investigate the diffusion of excitons in PDI-CH3 and the subsequent charge
separation at the interface we have performed microwave conductivity measurements
on a bilayer heterojunction system composed of a 50 nm thick PDI-CH3 layer on top of a
smooth polycrystalline TiO2 film. The schematic overview of the system and the relevant
diffusion/kinetic processes is shown in Figure 5.1a. The lowest unoccupied orbital of PDI
and the CB energy of TiO2 have an energy offset of -3.6 eV- - 4.25 eV= 0.65 eV that should
ensure charge separation from PDI-CH3 singlet excitons. We experimentally confirm
charge separation at the heterojunction interface by measuring the photoconductance
signal upon selective excitation of PDI-CH3 at 500 nm of single layers of PDI-CH3 and
TiO2 film and a TiO2/PDI-CH3 bilayer. The bilayer is photoexcited from the side of the
TiO2, which we refer to as the ’back’ side (BS), so that the majority of excitons is created
at the TiO2/PDI-CH3 interface. As the mobility of holes in the organic layer is orders of
magnitude lower than the electron mobility in TiO2, we exclusively probe the photocon-
ductance due to mobile electrons in TiO2.20 As shown in Figure 5.1b, we observe a negli-
gible photoconductance in PDI-CH3 (red) indicating that either no charges are formed,
or that they have a very low mobility. Photoexcitation of the TiO2 layer leads to a low
conductance of 1·10−2 cm2/Vs in TiO2 (blue) due to spurious absorption at 500 nm.17

A dramatically different results is obtained for the bilayer, indicated as the black curve
in Figure 5.1b. The maximum photoconductance in the TiO2/PDI-CH3 bilayer (black)
is roughly three times higher than in single layer TiO2 and exhibits a significant rise in
the photoconductance over tens of microseconds. The delayed rise of the photoconduc-
tance in the TiO2/PDI-CH3 bilayer can be caused by three processes. The first is that
an equilibrium between trapping and detrapping of electrons in TiO2 occurs, where a
gradual release of trapped electrons causes the photoconductance to increase over time
as is observed in so called fluorescence blinking.21 We discard this option however, be-
cause in previous TRMC measurements on TiO2 based bilayers we never observed such
delayed rise signals and this is supposed to be an intrinsic feature of the TiO2. Further-
more, the time scale of the blinking is commonly in the order of seconds, while we mea-
sure a rise on a microsecond time scale. The second explanation for the delayed rise
is the injection of long-lived charge carriers, i.e. electrons in PDI-CH3 that form upon
photoexcitation and charge separate within the PDI-CH3 itself. Electrons in PDIs are
known to have microsecond lifetimes.22 The slow charge carrier diffusion and long life-
time can therefore cause the delayed injection. However, the poor photoconductance
and rapid decay of photo-generated charge carriers in the PDI-CH3 single layer, as de-
scribed above makes this option unlikely. The third and more likely cause is the existence
of long-lived excitons that slowly migrate to the TiO2/PDI-CH3 interface where electrons
are injected into TiO2. This mechanism is confirmed by a previous TRMC study on a bi-
layer system of TiO2 and a palladium based porphyrin that showed a delayed rise of the
photoconductance over tens of microseconds and was attributed to long-distance triplet
diffusion in the porphyrin to the heterojunction interface that led to succesfully injected
an electron into TiO2 upon charge separation.23,24 The porphyrin triplets were formed
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after photoexcitation and subsequent intersystem crossing that occurs efficiently in the
porphyrin due to the large spin orbit coupling induced by the heavy-metal palladium in
the center. The delayed rise of the photoconductance in our bilayer system is also sim-
ilar to what was observed in the TiO2/PDI-CH3/F16ZnPc trilayer described in Chapter
4. In that system, triplet excitons were created in triplet sensitizer, F16ZnPc, and trans-
ferred via Dexter energy transfer into the upconverter material PDI-CH3. However, in
the current experiment we directly photoexcite the PDI-CH3. Therefore, we can only ex-
plain the delayed rise in the TiO2/PDI-CH3 bilayer by assuming that triplets are formed
in the PDI-CH3 itself, similar as in the palladium porphyrin. As previously shown in lit-
erature and in this thesis singlet fission occurs in PDI-CH3, which is the likely process by
which the PDI-CH3 triplets are formed,8,10 since intersystem crossing has been shown
to be negligible in PDIs.25 As we previously attributed the delayed rise in the TiO2/PDI-
CH3/F16ZnPc trilayers in Chapter 4 to triplets in PDI-CH3 that upconvert on a time scale
of hundreds of microseconds, we propose the following mechanism for the bilayer sys-
tems in this chapter: 1) Photoexcitation of PDI-CH3 generates singlet excitons, that 2)
undergo rapid singlet fission (on a ps-time scale) to triplets; 3) these triplets, in turn can
go back to the singlet state via UC resulting in a dynamic equilibrium between singlets
and triplets. 4) Both singlets and triplets diffuse in the PDI-CH3 towards the TiO2/PDI-
CH3 interface, but 5) only singlets have enough energy to inject an electron into TiO2

giving rise to the photoconductance signal.
In Figure 5.1c the normalised photoconductance measured for the TiO2/ PDI-CH3

bilayer is shown as function of time for varying of the photon fluences. At low photon
fluences the photoconductance rises over the first 80 microseconds after which the con-
ductivity starts to decay. At higher photon fluences, the delayed component becomes
less pronounced and almost complete disappears for the highest fluences used. The
decrease at higher fluence is caused by increasingly dominant second-order recombina-
tion processes of both free charge carriers and excitons.
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Figure 5.1: a) Energy diagram of the TiO2 CB level and singlet and triplet energy in PDI-CH3. b) TRMC
transients of single TiO2 (blue), PDI-CH3 (red) and TiO2/PDI-CH3 (50 nm) bilayer (black) sample upon 500
nm backside photoexcitation at 2·1012 photons/cm2. c) TRMC traces of the TiO2/PDI-CH3 (50 nm) bilayer at
different photon fluences, ranging from 2·1011 to 1·1015 photons/cm2.

TEMPERATURE DEPENDENT PHOTOCONDUCTANCE
In order to investigate the effect of temperature on diffusion, we have varied the temper-
ature from -100 to 60◦C. The photoconductance transients belonging to an incident pho-
ton flux of 1·1012 photons/cm2 are shown for several temperatures in this range in Figure
5.2. Upon increasing the temperature from -100 to 60◦C, we observe an increase in the
absolute photoconductance by almost an order of magnitude, which is accompanied by
a shift of the maximum photoconductance∆GM AX to shorter times. At 60◦C the delayed
growth in the photoconductance shows a maximum at 7 microseconds, after which the
conductance starts decaying because of charge carrier recombination. We verified that
the increasing trend is not caused by temperature dependent electronic properties of
the TiO2 as the photoconductance in a single layer of TiO2 upon direct band gap excita-
tion (300 nm) decreases upon increasing the temperature (Figure D.4). At low tempera-
tures, sub-nanosecond formation of microsecond-lived self-trapped excitons (STEs) oc-
curs that should decrease the amount of free charge carriers which is opposite to what
we observe in single layer TiO2.26 It is therefore more likely that it is not the yield, but
the mobility of the TiO2 charges that decreases upon increasing the temperature.27 The
increased photoconductance and decreased electron mobility in TiO2 point to a larger
charge separation efficiency at higher temperatures, caused by a higher yield of exci-
tons that reach the interface and inject charges. This can be due to a temperature effect
on three different processes that are involved: temperature activated charge injection,
a temperature effect on the singlet fission process leading to more triplets, or a thermal
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effect on exciton diffusion. As the driving force for charge separation is already large, it
is not likely that this is the cause of the increased photoconductance. An increased SF
efficiency or rate would shift the singlet-triplet equilibrium to the triplet side. As triplets
have a significantly lower diffusion constant than singlets this would move the maxi-
mum in the photoconductance to later times, contrary to what we observe. We there-
fore attribute the higher photoconductance and earlier maximum in ∆GM AX at higher
temperatures to faster exciton diffusion, which readily follows from the temperature de-
pendence of Dexter energy transfer of triplets28 for two reasons: 1) larger diffusion coef-
ficients increase the fraction of excitons that reach the TiO2/PDI-CH3 interface and can
charge separate, leading to a higher photoconductance, 2) and in addition, the majority
of excitons has charge separated earlier for the same reason, shifting the maximum in
conductivity to earlier times.

Figure 5.2: a) TRMC transients of a TiO2/PDI-CH3 (50 nm) bilayer sample upon 500 nm backside
photoexcitation at 1·1012 photons/cm2. Schematic illustration of the singlet, triplet and electron processes
considered in the model described by equations 5.3-5.5.

KINETIC MODEL OF EXCITON DIFFUSION

In order to gain more insight in the temperature dependent processes that occur in
the bilayer systems discussed above, we qualitatively analyse the observed trends us-
ing a one dimensional kinetic diffusion model in which the processes involving singlets,
triplet pairs and electrons in TiO2 are described by the rate equations 5.3, 5.4, and 5.5.
The model accounts for singlet diffusion and diffusion of the correlated triplet pair states
characterized by the temperature dependent diffusion constant DS1 and DT T , respec-
tively. Electron injection into TiO2 from PDI-CH3 singlets is characterized by the rate
ki n j ,S1,X=L , where X = L indicates that electron injection only occurs at the TiO2/PDI-
CH3 interface. As argued in Chapter 4 for the TiO2/PDI-CH3/F16ZnPc trilayer, triplets do
not have sufficient energy to inject charges into TiO2. Therefore, we only consider sin-
glets being able to dissociate at the interface with TiO2. Furthermore, we include rates
for singlet fission (kSF ), triplet pair fusion (k f usi on), triplet pair dissociation (kT T di s ), to
transform the corrected triplet pair into two independent triplet excitons, and singlet-
singlet annihilation (kSS A). We furthermore describe the decay of electrons injected into
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TiO2 as a first order decay process with rate ke,r ec .

∂[S1(x, t )]

∂t
=G(x, t )+DS1

∂2[S1(x, t )]

∂x2 − [S1(x, t )]ki n j ,S1,X=L

− [S1(x, t )](kSF +ks1,r ec + [S1(x, t )]kSS A)+ [Tpai r (x, t )]k f usi on (5.3)

∂[Tpai r (x, t )]

∂t
= DT T

∂2[Tpai r (x, t )]

∂x2 + [S1(x, t )]kSF − [Tpai r (x, t )]k f usi on

− [Tpai r (x, t )]kT T di s (5.4)

∂[eT iO2 (t )]

∂t
= [S1(x, t )]ki n j ,S1,X=L − [eT iO2 (t )]ke,r ec (5.5)

In Figure 5.3 we systematically explore the effects of the different kinetic parameters
to obtain insight in the effects that play a deciding role in the temperature dependent
conductivity experiments that we describe above. The full list of parameter values used
can be found in Table D.1. In Figure5.3a the decay rate of the initially formed singlet is
varied, while all other parameters are kept the same. The decay rate obtained from fluo-
rescence life time experiments at room temperature is 700 ps (1.4·109 s−1), while at 333 K
and 93 K the fluorescence life time is 550 ps (1.8·109 s−1) and 14 ns (7.1·107 s−1), respec-
tively, as based on the results presented in Chapter 3. Increasing the decay rate leads to a
lower overall simulated conductivity because more singlets start to decay before they can
transform into long-lived triplets, but no significant shift in the maximum is observed.
Moreover, increasing the decay rate, as may be expected to happen on increasing the
temperature (see also Chapter 3), leads to a lowering of the maximum conductivity. The
latter is opposite to the observed experimental trend. The decay of singlets by second-
order singlet-singlet annihilation can also be discarded as shown in Figure 5.2b. Typi-
cal parameters for singlet-singlet annihilation for singlet crystal tetracene, rubrene and
TIPS-pentacene are kSS A = 1.6·10−9, 1.6·10−10 and 2.4·10−8 cm3/s.29 For PDIs, a time
dependent annihilation rate was found to be kSS A = 1.90·10−12 and 1.55·10−15 cm3/s at
one femtosecond and from one second onwards, respectively.30 We varied the second-
order rate from kSS A = 1.0·10−15-1.0·100cm3/sbut did not observe any influence on the
simulated conductivity signal as the concentration of singlet is always very low. This is
caused by the low excitation intensity and SF efficiency. In Figure 5.3c, the first-order
rate for recombination of the electrons in TiO2 is varied from ke,r ec = 5·102-5·105 s−1.
It is clear from this graph, that an increase of this decay rate, as might be expected at
higher temperature, does lead to a shift of the maximum to earlier times, but this is also
accompanied by an overall decrease in the magnitude of the conductivity. The latter is
opposite to our experimental observations presented above and hence this can not be
the sole reason for the trends observed in the TRMC measurements. We initially mod-
elled a system in which separated triplet states were formed directly via singlet fission
from singlets without the involvement of a triplet pair intermediate. In this approach,
forming back the singlets would have to occur by homogeneous triplet-triplet annihila-
tion of the separated triplets. However, this variant of the model did not result in values
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that accuratley predicted the overall kinetics of a delayed photoconductivity transients
because of the unrealistic triplet-triplet annihilation rate constant that would have to be
used for the low excitations densities that are used in the exoperiments. We instead as-
sume a triplet pair state term that can diffuse but can not directly inject electrons at the
interface. The triplet pair state can fuse to form back a singlet or dissociate forming two
uncorrelated triplets that cannot undergo upconversion, i.e. second-order triplet recom-
bination leading to the formation of the triplet pair state. The singlet fission and triplet
pair fusion processes lead to an equilibrium that determines the overall ratio of singlets
to triplet pair states. If the singlet fission rate is increased, relatively more triplet pair
states are formed, while a larger triplet fusion rate increases the singlet concentration.
In Figure 5.3d we show the effect of changing the absolute value of kSF and kFU S and
their ratio. We increased kSF from 1·106 to 1·109 s−1 at constant kFU S = 1·107 s−1 leading
to an decrease in the prompt rise in the electron concentration occuring <10 ns, while
the electron kinetics from 600 ns and onwards remains unchanged. This change in the
prompt contribution in the conductivity originates from a lower initial singlet concen-
tration that undergoes charge separation on the nanosecond time scale. At later times,
the kinetics remain unchanged because decay of the injected electrons occurs on a mi-
crosecond time scale, while the total triplet concentration remains similar in all cases
and does not affect the growth in the electron concentration. Similarly, at a constant
and high kSF = 1·1010 s−1, we observe the same trend but now more pronounced, as the
singlet fission kinetics is greater than the used electron injection rate and competes with
a negligible prompt photoconductivity when the equilibrium is strongly shifted to the
triplet pairs. In Figure 5.3d we show the effect of changing the absolute value and ratio
of the diffusion constants of the singlet and triplet pair state where we used singlet and
triplet exciton diffusion constants that are typical for organic semiconductors.1 Upon
increasing the value of DS1/DT T , at kSF /kFU S = 1·1010/1·107 s−1 and fixed DT T = 1·10−11

m2/s, increases the maximum photoconductivity but does not alter the position of the
maximum. This can be explained by considering the excitation profile that is maximal
at the TiO2/PDI-CH3 interface since we excited the sample from the backside,through
the TiO2 layer. If the overall exciton diffusion coefficients are low, much of the large ini-
tial concentration of excitons remains at the interface and may participate in electron
injection. However, when exciton diffusion coefficient is increased, the interfacial con-
centration drops fast owing to exciton diffusion away from the TiO2/PDI-CH3 interface.
Therefore, we observe the general trend that higher diffusion constants, irrespective of
type, gives lower photoconductivity. A smaller DT T (1·10−13 m2/s) and changing DS gives
more significant effects on the photoconductivity, compared to changing DS with a large
DT T value (1·10−8 m2/s). This is attributed to a smaller overall diffusion coefficient that
slows the formation of an equilibrium of singlet and triplet pair state concentration in
the film. In this scenario, a smaller change in either DS or DT T is necessary to bring
about a change in the overall conductivity. It is the formation of an equilibrium exci-
ton concentration in the PDI-CH3 film that dominates the photoconductivity kinetics at
microsecond lifetime making it identical within the used parameter space. Exciton dif-
fusion in organic semiconductors, such as Dexter transfer, is known to be temperature
activated.1 Therefore, a higher temperature would lead to a larger triplet diffusion coef-
ficient. We assume that the triplet pair state diffuses like an isolated triplet. However,
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increasing the triplet diffusion constant in the model does not increase the photocon-
ductivity nor does it shift the maximum. As such, varying the exciton diffusion coeffi-
cient does not account for the increased signal height at higher temperatures. This leads
to the conclusion that also other parameters are temperature dependent. In addition,
other processes than the ones included in this model may play an important role. One
example of this was discussed in Chapter 3 where we observed the dominant presence
of excimers in bay-area unsubstituted PDIs that affected singlet fission. We performed
temperature dependent photoluminescence experiments and found that the formation
of long lived excimer states is temperature dependent. As such, the question rises, how
excimers can be included in this model. Excimers may form a dynamic equilibrium with
singlets that is temperature dependent. Since the photoluminescence lifetime increases
at lower temperatures, excimer formation seems exothermic, while singlet fission in
PDIs is known to be endothermic. Increasing the sample temperature may therefore
shift the equilibrium to singlets that undergo fast singlet fission. However, no sufficient
knowledge about excimer diffusion in PDIs is currently available to incorporate this in a
meaningful way in the model. It is uncertain whether excimers possess enough energy
to charge separate, even though they are more stable states than singlets and are likely
to do this slower than singlets. We simulated the effect of temperature on temperature
activated exciton diffusion and temperature deactivated singlet lifetime, where we as-
sumed that the increased photoluminescence lifetime at lower temperatures is related
to a longer singlet lifetime, although this is not necessarily the case. We plot the results in
Figure 5.3f and observe that a lower temperature, corresponding to a smaller kS1,r ec and
DS and DT T gives a higher photoconductivity, contrary to what we experimentally ob-
serve. More experiments, such as transient absorption are required to obtain knowledge
on temperature dependent exciton dynamics on a femto- to nanosecond time scale. An-
other approach to obtain more knowledge on the charge carrier and exciton dynamics is
to perform temperature dependent measurements on a tetra-brominated PDI that does
not form excimers. In addition, measuring the temperature dependence of PDI triplet
states that originate from a triplet sensitized, may shed light on the temperature depen-
dence of a system in which predominantely triplet states exist.
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Figure 5.3: Modelled electron concentration kinetics in the TiO2 film based on equations 5.3-5.5 and using
the input values provided in Table D.1 and varying values of kS1 ,r ec , kSS A , ke,r ec , the ratio kSF /kFU S , the ratio
DS /DT T and a mixture of varying kS1 ,r ec and DS /DT T ratio in Figures a-f, respectively.
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5.4. CONCLUSIONS
In this study we investigated charge separation of excitons in a dimethyl-imid substi-
tuted perylene diimide derivative, PDI-CH3 at the interface with smooth polycrystalline
TiO2. Time resolved microwave conductivity measurements show a delayed rise of the
photoconductance upon direct excitation of PDI-CH3. This is attributed to long-lived
excitons that diffuse towards the interface on a microsecond time scale. These long-
lived excitons are argued to contain triplet character as they are much longer lived than
singlet. They are formed from singlets via the singlet fission process. Once the excitons
arrive at the interface with the electron accepting TiO2 layer, charge separation can take
place, however, only the singlet excitons have sufficient energy to inject electrons. In
order to unravel the mechanism of the exciton migration process, we have investigated
how temperature affects the photoconductance. We observe an increased maximum
photoconductance on increasing the temperature, which is accompanied by a shift in
the maximum in photoconductance to earlier times. To gain more insight in the dif-
ferent processes that govern the photoinduced conductivity in these bilayer systems we
have established a one-dimensional kinetic diffusion model for PDI-CH3 excitons. This
model only yields reasonable results if we assume that the triplets formed on singlet fis-
sion mainly exist as correlated triplet pairs rather than individual triplets. These triplet
pairs are in equilibrium with the singlets that can inject into the TiO2. By varying the
different parameters we conclude that the strong effect of temperature on the photoin-
duced conductivity is more complicated than involving a single temperature activated
process such as exciton diffusion. It is more likely that more temperature dependent
terms play a role, although we could exclude singlet recombination, electron recombina-
tion and singlet-singlet annihilation as the responsible temperature activated processes
using our model.
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6
MAGNETIC FIELD EFFECTS ON

TRIPLET PAIR STATES IN PERYLENE

DIIMIDE THIN FILMS

In the preceding chapters of this thesis we have extensively studied processes involving
triplet excited states, including singlet fission, triplet-triplet annihilation and triplet dif-
fusion. Due to the net magnetic moment of triplet state, an excellent approach to study
the dynamics of triplets is to study their dynamics in magnetic fields. In this chapter an
explorative study of magnetic field effects on singlet exciton fission (SF) in thin films of
perylene diimide (PDI) is presented using the steady state and time resolved photolumi-
nescence experiments. Most perylene diimides studied show a low magnetic field (0.4 T)
effect in the steady state photoluminescence that can be characterized as a singlet fission
or triplet-triplet annihilation upconversion curve depending on the PDI substitution, i.e.
imid and bay area substitution. We do not observe a magnetic field effect in the photo-
luminescence lifetime at 0.7 T on a 150 ps time scale. At high magnetic fields (35 T) no
specific signatures of a magnetic field effects in the steady state fluorescence are observed
in the perylene diimides studied.
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FILMS

6.1. INTRODUCTION

Singlet fission (SF) is a photo-physical process occurring in organic chromophores in
which a photoexcited singlet state (S1) evolves into a correlated triplet pair state (TT).
This 1(TT) state has overall singlet character and two-electron excited state with no net
magnetic moment. After formation this 1(TT) state can decohere into two electronically
and spin uncorrelated triplet states (T1+T1).1 The two formed T1 states can eventually
dissociate into two electrons and holes that can be collected. In the ideal case the fi-
nal result is the generation of two electrons in an external circuit upon absorption of
a single photon. This two-for-one concept has been proposed as a promising strategy
to optimize and surpass the theoretical photon-to-current conversion efficiency limit of
single junction silicon photovoltaic cells in which a lot of energy is lost by thermaliza-
tion upon absorbing high-energy photons.2 Singlet fission has two main requirements
to be able to occur: (1) the chromophore energetics obey ES1 > E(T1+T1) and (2) there
is sufficient orbital coupling between neighbouring molecules, resulting from molecu-
lar packing. These requirements are used to design novel SF chromophores with op-
timal efficiency and fast rates.1 Perylene diimides (PDIs) are excellent model systems
to study SF owing to the controlled tuneability of their energetic and packing structure
upon side groups substitution, as has been shown in theoretical studies.3–5 The common
experiment to study SF experimentally is transient optical absorption (TA) spectroscopy,
which has its drawbacks for PDIs specifically since the triplet photoinduced absorption
feature overlaps with the ground-state absorption. This complicates the analysis and
makes it hard to avoid secondary experimental artefacts such as singlet-singlet anni-
hilation. As a result, a wide variety of SF properties, i.e. rates and yields, have been
reported for similar PDIs.6–10 An alternative experimental approach to study singlet fis-
sion that was used very early on to confirm the occurrence of SF in 1965 in anthracene
crystals11 is the study of magnetic field effects in the photoluminescence (PL).12,13 Mag-
netic field effect measurements were actually used to study the inverse singlet fission
process, upconversion.14 Magnetic field dependent measurements offer an unambigu-
ous method to confirm the existence and key properties of singlet fission in chromo-
phores. The applied magnetic field (solely) affects singlet fission, the S1 to (TT) con-
version. The properties that can be extracted from such measurement depend on the
field strength. At low magnetic fields (<1 T), values can be obtained for the singlet fission
rate and quantum mechanical parameters, like the zero-field splitting parameters as dis-
cussed below.15 At high fields (>1 T) however, it is possible to extract actual exchange
energies for the triplet pair states that allows their identification and study in diffusion
related studies. Currently, only one study on magnetic field effects in PDIs is known,
in which a low magnetic field effect (0.45 T) shows the existence of triplet states in thin
films of N, N’-dimethyl perylene tetracarboxylic acid diimide (PDI-CH3).16 More infor-
mation on magnetic field effects in PDIs could for example show how the balance be-
tween singlet fission and excimer formation in PDIs plays a role.17,18 More importantly,
high magnetic field measurements may shed light on the effect of tuning the excited
state energetics and electronic coupling in PDIs upon substitution on the triplet pair
state exchange energies and thereby the rate of singlet fission.

In this chapter report we describe the results of our explorative study of the presence
of magnetic field effects on the steady state and time-resolved PL in thin films of the
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perylene diimide molecules shown in Figure 6.1. Most perylene diimides studied show
a low magnetic field (0.4 T) effect in steady state PL. The magnetic field dependence
for some PDIs shows a dip at low very low fields and then an increase, that is reminis-
cent of the SF process, while others show the opposite trend, that is characteristic of
up-conversion (UC) of triplet excitons to singlets via triplet-triplet annihilation. Inter-
estingly, we observe both types of behaviour in a single PDI derivative depending on the
extent of crystallization. We attempted to measure the PL lifetime at 0.7 T on a 150 ps
time scale using a streak camera, but did not detect a magnetic field effect. High mag-
netic field sweeping measurements (up to 35 T) of the steady state PL at 1.4 K also did
not reveal reliable signatures of SF or UC.

Figure 6.1: Molecular structures of the seven PDI derivatives studied.

6.2. THEORY
As mentioned above, an applied magnetic field (solely) affects singlet fission, the S1 to
(TT) conversion and it does so in two ways19: 1) by influencing the spin wavefunctions
Ψ j (t) of the triplet excitons comprising the triplet pair states and 2) by changing the en-
ergy of the triplet pair spin states. The spin wavefunctions of the triplet excitons in the
pair are constructed from 16 eigenstates Ψ j (t) (j =16) for the triplet pair state that can
be found by arranging the four unpaired electrons in the triplet pair over the four energy
levels of the pair.19 The spin of these triplet pair eigenstates allows categorization into
two spin states with singlet spin, nine states with triplet spin that are grouped into three
triplet manifolds and five states with quintet spin that are grouped together within one
quintet manifold. The states that are lowest in energy and which are therefore consid-
ered in measurements are a singlet state, one triplet manifold and the quintet manifold.
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As mentioned, a magnetic field effect can alter the spin wavefunction of triplets and is
described by considering the expression for the spin Hamiltonian of a triplet pair with a
simplified representation of two single-particles:

Ĥspi n = gµB H(S1 +S2)+D(S2
1z S2

2z )+E(S2
1z +S2

2x −S2
q y −S2

2y ) (6.1)

Where the first term is the Zeeman term including the g-factor g , the Bohr magne-
ton µB , the externally applied magnetic field H and the spin operators of the unpaired
electrons S1 and S2. The second and third term represent the zero-field splitting or fine
structure terms that arise from the magnetic dipolar interaction of the two unpaired
electrons of the triplet with D and E being the zero-field splitting parameters. These
zero-field splitting terms are present even in the absence of an external magnetic field
and their effect is best described by considering the expression for an eigenstate of the
spin HamiltonianΨ j (t):

Ψ j (t ) = e−i (E j /ħ)tΨ j (0) (6.2)

Here, E j is the eigen energy of state j , i is (-1)0.5 and t is time. The time factor in-
volves the ’spin procession motion’ that is responsible for the conversion of the pure
singlet triplet pair into other pairs.20 As such, if the existence of the triplet pair, i.e. the
triplet pair correlation time, is shorter than the time required for the spin to carry out
its procession, then no magnetic field is observed. When H is zero, only three out of
nine eigenstates display singlet character. At intermediate H , the Zeeman interaction
together with the fine structure term lets the singlet character of more spin eigenstates
evolve, so that five spin eigenstates obtain singlet character. When H is high, the Zeeman
interaction is much larger than the fine structure term and the latter term cannot mix
the triplet pair states any longer. Such low magnetic field effects have been shown mag-
netic field dependent fluorescence measurements in anthracene14,15,21, tetracene12,21,22

and rubrene18. At very high magnetic fields however, the Zeeman interaction can split
the energies of the spin eigenstates so much, that excited-state avoided crossings occur
where triplet pair states with triplet or quintet spin become degenerate with the sin-
glet spin state. At that particular H , the exchange interaction energy or splitting of the
singlet-triplet or singlet-quintet state, is reached and the pure singlet state becomes hy-
bridized with a triplet or quintet pair state. Note that this is a different kind of crossing
than that which occurs because of the fine structure term discussed above. At very high
H , the avoided pair state crossings are energy crossings between a singlet and a nonpure
singlet pair state. Recent theoretical23 and experimental24 work on TIPS-tetracene crys-
tals and 1,6-diphenyl-1,3,5-hexatriene25,26 prove this principle where strong photolumi-
nescence oscillations at high magnetic fields were observed due to these excited-state
avoided crossings and exchange energies, characteristic for separate triplet pairs could
be obtained. The processes described above are visualized in Figure 6.2.
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Figure 6.2: Schematic of the relative height of energetic levels of singlet, S1 and S0, and triplet pair (TT)
excited states as function of the externally applied magnetic field strength H on a material displaying singlet
fission SF and triplet pair fusion TF.

6.3. EXPERIMENTAL SECTION

SAMPLE PREPARATION AND CHARACTERIZATION
We studied thin films of seven PDI molecules deposited on fused silica substrates (ESCO,
12 x 25 x 1 mm). The un-brominated compounds were synthesized from perylene-
3,4,9,10 tetracarboxylic acid dianhydride as purchased from Sigma-Aldrich using pro-
cedures published elsewhere.27 PDI-C1-Br2 and PDI-DPP-Br4 respectively, were synthe-
sized from 1,7- dibromoperylene dianhydride and 1,6,7,12-tetrabromoperylene dianhy-
dride as described previously.9,28,29 The films were deposited by thermal evaporation, re-
sulting in the following thicknesses; PDI-CH3: 100 nm, PDI-C1PhF2: 50 nm, PDI-C2Ph:
300 nm, PDI-C8: 100 nm, PDI-C7C6: 150 nm, PDI-C1-Br2: 100 nm and PDI-DPP-Br4:
50 nm. Prior to evaporation, the fused silica substrates were plasma cleaned (two min-
utes, 1000 mtorr in air plasma) to clean and activate the surface. Thermal evaporation
was carried out in an AJA ATC Orion evaporator during which the powders were heated
above the sublimation temperature under high vacuum conditions (10−7-10−6 mbar) to
the desired evaporation rate of 0.3 Å/s. The deposition rate was monitored using a quartz
micro-crystal balance and the sample holder was rotated at 25 rpm to ensure film homo-
geneity. Thin films of PDI-C7C6 were spincoated from a saturated chloroform solution.
The spincoated film was annealed at 60◦C in a N2 atmosphere to remove any solvents
and improve the crystallization.

MAGNETIC FIELD MEASUREMENT AT 0.7T OF THE STEADY STATE PHOTOLU-
MINESCENCE
The magnetic field effects in the steady state PL spectrum of PDI thin films were mea-
sured in a home-build setup with a horseshoe permanent magnet that could slide repro-
ducibly, such that the sample was located in the internal space. The permanent magnet
had an effective field strength at the position of the sample of 0.7 T. The thin film was
photoexcited with a CPS405 Thorlabs compact laser diode with a wavelength of 405 nm
and power of 4.5 mW of which the intensity was decreased using an OD1 filter. The laser
spot size is 3.8 mm x 1.8 mm as indicated by the supplier. The excitation was done un-
der a 45 degrees angle with the substrate. The detector was placed under an angle. All
measurements were performed in a N2 filled glovebox.
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LOW MAGNETIC FIELD SWEEP MEASUREMENT 0.0-0.4T OF THE STEADY STATE

PHOTOLUMINESCENCE

Variable magnetic field measurement with field ranging from 0-0.4 T of the fluorescence
spectrum were made on a home-build setup comprised of a 3470 Electromagnet of GMW.
Between the poles an aluminium structure. The sample was placed in an air-tight plastic
cell. The sample was excited with a Thorlabs laser diodes of 405 nm and 520 nm wave-
length and an excitation density of around 3.4 mW/cm2 and a spot size of 3x3 mm.

HIGH MAGNETIC FIELD SWEEP MEASUREMENT 0.0-35T OF THE STEADY STATE

PHOTOLUMINESCENCE

The steady state photoluminescence measurements in high magnetic fields (up to 35
T) were measured at variable temperatures (1.4 K - 300 K) at the High Field Magnetic
Laboratory (HFML) in Nijmegen, The Netherlands. The thin film sample was mounted
on an insert and mounted in a Helium4-bath cryostat to 4.2 K. The helium-bath could
be pumped to further cool the sample to 1.4 K. The helium-bath in cryostat is isolated
by a liquid nitrogen compartment and vacuum layers. The cryostat was placed in the
center of a 38 T (resistive coil) water cooled Bitter magnet with the sample placed in
Faraday Geometry (sample normal parallel with magnetic field). In order to probe the
sample temperature, a heater and thermometer (Cernox, R = 32.7576 Ohm at T = 298.88
K) were soldered on a piece of uncoated substrate. The excitation source was a Gene-
sis MX488-SLM laser tuned at 490 nm with a power of 1 mW . The excitation light was
guided into the cryostat with optical fibers. The emission was detected using an Acton
SpectraPro-300i spectrometer (300 grooves/mm, blazed at 400 nm) coupled to a Prince-
ton Instruments PyLoN®:400 cryogenically-cooled CCD camera (imaging array was 1340
x 100 pixels with 20 x 20 micron pixels). A 488 nm short-pass filter was placed in front of
the detector to cut off excitation light.

MAGNETIC FIELD MEASUREMENT AT 0.7T OF THE PHOTOLUMINESCENCE

LIFETIME

Time and spectrally resolved measurements of the photoluminescence of the polycrys-
talline PDI films were performed on a picosecond time scale using a streak camera. In
this setup, 140 fs (FWHM) laser pulses (680 µW) were produced by a Ti:Sapphire laser
(Coherent Chameleon laser 80.2 MHz) of which the repetition rate was decreased using
an APA GmbH pulse picker. The fluorescence was spectrally resolved using a Princeton
Instruments spectrograph (slit of 50 µm) and temporally resolved using a Hamamatsu
C5680 synchroscan streak camera unit (slit of 20 µm). The magnetic field was applied
by placing a small permanent magnet against the back of the substrate such that a field
strength of 0.22-0.25 T could be achieved. In this situation, the magnetic field was ori-
ented parallel to the normal of the sample (Faraday orientation). The zero-field mea-
surement was performed by simply removing the permanent magnet. To minimize air
exposure during the measurements, a constant stream of N2 gas was blown against the
films during measurements.
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MAGNETIC FIELD EFFECTS AT ONE FIELD IN THE STEADY STATE AND TIME

RESOLVED PL

We have performed exploratory measurements of a magnetic field effect on the PL from
PDI films. In Figure 6.3 the steady state PL spectra of PDI-CH3 (a), PDI-C1PhF2 (b), and
an unannealed (c) and an annealed film (d) of PDI-C2Ph are shown at zero field and a
field of a 0.7 T. The calculated difference in the integrated emission intensity in the pre-
sented wavelength region is within 10% for most PDIs, while the unannealed film of PDI-
C2Ph shows a large magnetic field effect of 31.0%. Interestingly, the applied magnetic
field in some cases leads to an increase in the PL intensity (PDI-C1PhF2 and unannealed
PDI-C2Ph), while for other (PDI-CH3 and PDI-C2Ph) a decrease is observed. These re-
sults show that there is a reproducibly measurable magnetic field effect on the PL, which
suggest that triplets are present in the film, as the fluorescence from pure singlets should
not be affected by a magnetic field. A further analysis of these magnetic field effects re-
quires varying the field strength.

Figure 6.3: Magnetic field dependent photoluminescence measurements at T = 260 K in a glovebox of various
PDI thin films upon 405 nm photoexcitation and displayed as ∆PL=(PLH -PL0)/PL0. The thin films are a)
PDI-CH3 (100 nm), b) PDI-PhF2 (50 nm), c) PDI-C2Ph (300 nm) not annealed and d) PDI-C2Ph (300 nm)
annealed.
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In order to gain insight in the effect of magnetic fields on the fluorescence lifetime
we performed PL lifetime measurements on time scales up to 150 ps using streak cam-
era. On this time scale, the fluorescence is dominated by directly photogenerated singlet
states. The results are shown in Figure 6.4. Attempts were made to perform such mea-
surements for all PDIs for which the steady state PL is shown in Figure 6.3, however,
for several samples the fluorescence intensity was too low to do a meaningful measure-
ment. For none of the PDIs investigated we observed an effect of a magnetic field at field
strengths of ∼0.25 T. This is remarkable as we did observe a clear magnetic field effect
in the steady state measurement. This difference may be caused by an effect on a time
scale that is much shorter that the time resolution of the setup (∼10 ps), i.e. decoher-
ence of the triplet pair state has already occurred and no further magnetic field effect
is present. An alternative, more likely explanation is that magnetic field effects occur
at later times, corresponding to a delayed fluorescence. This would imply that the de-
layed fluorescence from triplet states are responsible for the magnetic field effect via the
formation of a triplet pair state and the reverse process, triplet fusion.

Figure 6.4: Magnetic field dependent time resolved photoluminescence measurements of various PDI thin
films upon 490 nm photoexcitation at T = 0 and T = 0.22-0.25. The thin films are a) PDI-C8 (100 nm), b)
PDI-C1PhF2 (50 nm), c) PDI-C2Ph (300 nm) not annealed and d) PDI-C2Ph (300 nm) annealed. The laser
power was 680 µW and measurements were performed in air but samples were blown with N2.
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MAGNETIC FIELD EFFECTS AT LOW FIELDS IN PDI PL
As noted above, in order to get a clearer insight into the effects of magnetic field on the
PL from PDI films, it is interesting to examine the trends in Pl intensity as a function
of the magnetic field strength. Therefore, we have measured the integrated steady state
PL intensity of PDI films for magnetic field ranging from the 0 T to 0.4 T, as shown in
Figure 6.5. The results in this figure show a clear trend in the magnetic field effect. At
low fields the difference in PL ∆PL first decreases and reaches a minimum slightly be-
low 0.1 T, after which it increases again and stabilizes at 0.3 T for PDI-C1-Br2 (a), PDI-
DPP-Cl4 (b), PDI-C7C6 (c) and un-annealed PDI-C2Ph (d). This trend observed for low
magnetic fields corresponds with what is commonly observed in ’traditional’ SF chro-
mophores such as tetracene13 and more novel compounds such as 1,6-diphenyl-1,3,5-
hexatriene25 and implicates a magnetic field effect on the formation of the correlated
triplet pair upon photoexcitation through SF. In contrast to the behavior of unannealed
PDI-C2Ph, the annealed PDI-C2Ph film shows the opposite trend in the magnetic field
effect, i.e. for small fields the PL intensity first increases and then decreases again until
it reaches a plateau at 0.3 T with a lower PL intensity than in absence of a magnetic field.
This trend corresponds to a magnetic field effect originating from triplets that collide
and form a magnetic field active correlated triplet pair, that may upconvert depending
on the magnetic field strength to give a singlet. These singlets formed on longer times
are responsible for delayed fluorescence. Similar observations have been made for flu-
orescence measurements in anthracene11 and photocurrent measurements in devices
including the SF material pentace.30

In accordance with the steady state PL measurements described in section 4.1, ∆PL
at T > 0.4 T is positive for unannealed PDI-C2Ph while it is negative for annealed PDI-
C2Ph. It is remarkable that a change in the crystallinity, can give rise to such a difference
in the magnetic field effect, while the singlet fission efficiency and rate seem similar.8

This is probably cause by subtle effects of morphology on the energetics of the singlet
and the correlated triplet pair state. Small changes in these energetics can move the
equilibrium populations from the singlet side to the correlated triplet pair side, resulting
in opposite magnetic field effects. Further modelling of the trend in the magnetic field
dependence of ∆PL may result in values for the rates and balance involving singlet fis-
sion, triplet pair fusion and triplet pair dissociation, but this is beyond the scope of this
explorative study.12,14,20,30

MAGNETIC FIELD EFFECTS AT HIGH FIELDS IN PDI PL
As mentioned in the theory section above, high magnetic fields, above several Tesla, in
principle have very different effects on the PL intensity and may provide information
on the energy splitting or the exchange energy of the distinct triplet pair states. The re-
sults of PL measurements on PDI films in magnetic fields ranging from 0 to 35 T are
shown in Figure 6.6. This is the magnetic field range where very distinct features were
observed previously for TIPS-pentacene.25 Measurements were performed at various
temperatures down to 1.4 K in order to minimize the effects of thermal vibrations that
may blur the sharp dips in the fluorescence intensity that were previously observed for
other compounds. In Figure 3.6a the magnetic field dependence is shown for PDI-CH3

at 3.4 K, but we do not observe a magnetic field effect over the entire 35 T range. For the
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Figure 6.5: Magnetic field dependent photoluminescence measurements of various PDI thin films upon 405
nm photoexcitation and displayed as ∆PL(%) =(PLH -PL0)/PL0. The thin films are a) PDI-C1-Br2 (100 nm), b)
PDI-DPP-Br4 (50 nm), c) PDI-C6C7 (spincoated) and d) PDI-C2Ph (300 nm) unannealed (red) and annealed
(black).

annealed PDI-C2Ph film at 1.4 K a small initial increase in ∆PL is observed for magnetic
fields up to 5 T, as shown in Figure 3.6b. This increase is followed by a decrease that
stabilizes at 25 T and then appears to return to zero difference. The backward sweep,
lowering the magnetic field down from 35 T leads to the same observations, confirm-
ing the observed field trend. The downward trend in fluorescence upon increasing the
field strength is in accordance previous measurements for TIPS-tetracene and was at-
tributed to a spin mixing process.24 If we increase the temperature of this film to 30 and
90 K, the trends observed at 1.4 T are not observed anymore and any changes in ∆PL
that we do see are caused by non-stable temperature heating effects on the emission in-
tensity. These temperature effects were shown to be significant in PDIs, see Chapter 3.
In these measurements we did not observe any sharp dips in the fluorescence intensity
as previously observed for TIPS-pentacene which allow determination of the exchange
energy splitting of the triplet pair states. This can be caused by a variety of reasons. One
is that the exchange energy is too high to be observed in the 35 T magnetic field range
and even higher fields need to be used. Another possibility is that the direction of the
magnetic field with respect to the sample is not optimized for observation of the effect
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of string magnetic fields. This is possible since PDIs are known to crystallize in certain
preferred orientations on a substrate, so no random orientation of crystalline domains
is present. An additional complication may be the relatively low fluorescence quantum
yield of PDIs in the solid-state, which decreases the signal-to-noise ratio and may hide
the specific sharp feature. Future studies should involve more careful evaluation of the
crystallization direction of the samples and possibly the choice of a different PDI com-
pound that shows better fluorescence in the solid-state. In addition, it would be useful to
have an estimate of the effect of packing geometry on the exchange splitting, for instance
from electronic structure calculations. This would allow a more reasoned selection of a
PDI derivative for studying these magnetic field effects.

Figure 6.6: High magnetic field sweep measurements of integrated steady state PL, presented as the change in
PL, ∆PL. a) Magnetic field dependence of ∆PL of PDI-CH3 (100 nm) at 3.4 K from 0 - 35 T and back. b)
Magnetic field dependence of ∆PL of annealed PDI-C2Ph at 1.4 K from 0 - 35 T.
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6.5. CONCLUSIONS
In this preliminary study we investigated the magnetic field effect on SF in thin films PDI
molecules. We show that distinct magnetic field effects can be observed, proving that
triplet are formed in these materials on photoexcitation. At low magnetic fields (<1 T)
signatures of triplet pair state modulation from either singlet or triplet side are observed
that are dependent on the extent of crystallization. The majority of the PDIs show a sin-
glet curve, indicating that the triplet pair state formed from singlet fission is responsible
for the magnetic field effect. The lack of a low field effect in the PL lifetime of the PDIs in-
dicates that the correlated triplet pair is not present in the 150 ps time scale studied. High
field measurements were partially successful by showing a magnetic field effect in PDI-
C2Ph. However, no clear dips in the ∆PL were observed that are reminiscent of excited
state avoided crossings of singlet with triplet or quintet character pair states. Therefore,
no exchange energy for the PDIs could be determined. This preliminary study provides
promising results for future, more detailed experiments and analysis involving magnetic
field effects in order to gain relevant information on singlet fission properties of PDIs, in
particular in relation to the dissociation of the triplet pairs.
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The fields of singlet fission and triplet-triplet annihilation upconversion research have
significantly evolved over the last decade. The research started from basic characteri-
zations of yield and kinetics of SF by time-resolved fluorescence and ultrafast transient
absorption spectroscopy. This is also shown in Chapter 3 of this thesis, where we fo-
cused on the relation between singlet fission and the packing of molecules in the solid-
state. Combined with theoretical studies, such studies have given a lot of insight in the
efficiency of the initial step in SF, i.e. transforming a singlet state into a coherent com-
bination of two triplets. This has also given some insight in the mechanism by which
this occurs although in most cases this relies on comparisons of experiments and the-
ory and no general picture including vibronic effects is currently available. Studies on
how the coherent triplet pair dissociates into separately diffusing triplets have only re-
cently appeared for some systems, however, these processes are instrumental in actual
applications and therefore a detailed understanding is of prime importance.

As shown in this thesis, in all these processes, including triplet diffusion and charge
injection, the relevant electronic coupling matrix elements play a key role. This is why
more insight into the effect of solid-state morphology and polycrystallinity in particular
is important and SF chromophores where the crystal packing can be tuned are of partic-
ular interest. Systematic variation of the electronic coupling, as is possible for instance in
perylene diimids, can be used to unravel the effect of the different coupling values in the
different processes. In addition, systematic variations of the energetics of the different
states involved can give insight in the nature of the triplet-pair states involved (singlet,
triplet, quintet). The latter is possible by performing optical spectroscopy in high mag-
netic fields and such experiments should prove very valuable in gaining more insight
in the SF dynamics and subsequent processes. We have made some initial attempts to
perform such experiments on crystalline perylene diimides, as described in Chapter 6.

In addition, the initial formation of a coherent triplet pair and its subsequent deco-
herence into individual triplet is an important aspect, which can be explicitly studied
by two-dimensional coherent spectroscopy. In all these experiments, materials where
the crystal structure can be systematically tuned are appropriate, especially in relation
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Figure 7.1: Artistic impression of the singlet fission process involving the formation of a photoexcited singlet
state S1 that is equivalent to the triplet pair state intermediate with overall singlet character 1(TT). The
dissociation of 1(TT) leads to the formation of two separated triplets T1.

with theory since high-level quantum chemical calculations invariably require informa-
tion on the crystal structure. From the theory side it is important to continue to move
beyond the initial step of forming a triplet pair in a dimer, but to study the dynamics in
larger aggregates with an explicit description of decoherence and triplet diffusion. The
application of methods such as high magnetic field measurements and 2D spectroscopy
on samples with well-defined interchromophore geometry will ultimately lead to a more
detailed and general understanding of SF and paves the way for improved design rules
for SF chromophores that go beyond simple energy arguments.
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DEKTAK – TARGET AND MEASURED PDI FILM THICKNESSES
The thickness of the evaporated PDI thin films were measured with a Dektak profilome-
ter. Ten scans were made and averaged for every sample and consisted of measuring over
the step from clean silica to the PDI layer. The height offset indicates the film thickness.
We call the thickness set in the evaporator the nominal thickness and the measured film
thickness the real film thickness.

Table A.1: Summary of the calculated optical properties of bay area substituted PDIs using DFT.

PDI-octyl thickness PDI-hexhep thickness
Nominal (nm) Real (nm) Nominal (nm) Real (nm)

15 17.5 30 49.2
30 26.5 50 49.9
50 41.9 100 82.8

100 67.6 150 166.8
150 112.8 250 232.9
250 167.9
500 326.7
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THIN FILM CRYSTALLITE DOMAIN SIZE ESTIMATION USING THE SCHERRER

EQUATION
We estimated the domain size of crystallites τ from our XRD measurements using the
Scherrer equation:

τ= Kλ

βcosθ
(A.1)

Where K is the shape factor which is a function of crystallite shape and assumed to be
0.94,λ is the wavelength of the X-ray radiation (0.179 nm),β (in radians) is the Full Width
Half Maximum (FWHM) location of the analysed reflection minus broadening caused
by the instrument and θ (in radians) is the angle of reflection. Using this equation on
the reflection observed in the XRD spectra of the thin films shown in Figure 2.3 we can
calculate the crystallite domain size values shown in Table S2. The crystallite packing of
PDI-octyl is shown in Figure A.1 and is the molecular cell containing the intact contents
of one unit cell. For PDI-hexhep this image cannot be shown as its crystalline structure
is not available.

Table A.2: Crystallite grain sizes for the thin films of various thickness of PDI-octyl and PDI-hexhep as deter-
mined using the Scherrer equation.

Film thickness (nm) PDI-octyl PDI-hexhep
β (◦) θ (◦) τ (nm) β (◦) θ (◦) τ (nm)

30 0.370 4.971 27.7 0.358 5.829 28.6
50 0.316 5.063 32.5 0.238 5.845 43.2

100 0.169 5.091 60.9 0.128 5.846 80.2
150 0.127 5.096 80.8 0.091 5.846 113.0
250 0.106 5.112 97.0 0.078 5.862 131.3

Figure A.1: Image of the molecular cell of PDI-octyl showing the unit cell (blue dash) and the molecule unit it
contains in an intact shape.
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SEM IMAGES OF 30 NM AND 100 NM THICK ANNEALED PDI LAYERS ON

FUSED SILICA

Figure A.2: SEM images of a 30 and 100 nm annealed thin film of PDI-octyl (left panel) and PDI-hexhep (right
panel). Scale bars indicate the size of the features at 10.000X magnification. The samples are coated with a 3
nm Pt layer.

SEM IMAGES OF UNCOATED FUSED SILICA AND TIO2 LAYERS ON FUSED SIL-
ICA

Figure A.3: SEM images of an uncoated fused silica substrate and a TiO2 coated fused silica substrate as used
in this study at 10.000X magnification. The samples are coated with a 3 nm Pt layer.
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OPTICAL PROPERTIES OF PDI-OCTYL, PDI-HEXHEP AND ZNPC

Figure A.4: a)Absorption spectra of PDI-octyl and PDI-hexhep in a 1·10−5 M CHCl3 solution and b) solid-state
absorption spectra of a PDI-octyl (50 nm), PDI-hexhep (50 nm) and ZnPc (30 nm) individual layers. c)
Fluorescence decays of annealed thin films of PDI-octyl (emission at 687 nm) and PDI-hexylheptyl (emission
at 630 nm) (dots) upon 460 nm photoexcitation (300 µW) and their monoexponential fit (solid lines).
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XRD OF TIO2/PDI HETEROJUNCTIONS

Figure A.5: XRD diffractograms of a TiO2/PDI-octyl (red) and TiO2/PDI-hexhep (blue) heterojunction and a
TiO2 sample. The reflection at 29 2θ originates from the TiO2. The inset shows that the PDI reflection on TiO2
(solid line) has an identical width and position as on fused silica (dotted line).

TRMC PHOTON FLUENCE DEPENDENCE CHARGE CARRIER KINETICS FOR PDI-
OCTYL

Figure A.6: a) Photoconductivity transients for a 50/30 nm PDI-octyl/ZnPc bilayer at various photon fluences
upon 490 nm FS excitation. b) The photon fluence dependence of η0Σµ for the same bilayer upon PDI (490
nm) and ZnPc (630 nm) at FS and BS.

TABLE WITH KINETIC PARAMETERS OBTAINED FROM FITTING OF PDI-OCTYL

TRMC TRANSIENTS
The estimation of the exciton diffusion length requires a correction for possible electron-
hole recombination that occurs within the instrumental response time. This correction
is carried out by fitting the transients with a tri-exponential function as described by 2.9.
Some of the fitting parameters are time constants that describe charge carrier decay pro-
cesses and are obtained with their respective weight. In addition, we obtain an estimate



A

110 A. APPENDIX CHAPTER 2

for the intrinsic change in photoconductance ∆G0. We provide these fitting parameters
in A.3 as function of film thickness, excitation side (front side FS, backside BS) and ex-
citation wavelength (490 nm PDI excitation and 630 nm ZnPc excitation) for PDI-octyl.
We use the ∆G0 values to determine the exciton diffusion length.

Table A.3: Fitting parameters obtained from a tri-exponential fit on the photoconductivity transients of PDI-
octyl/ZnPc as function of different PDI-octyl thicknesses and illumination side (FS = front side and BS = back
side) dependence at 490 and 630 nm excitation.

PDI-octyl/ZnPc
490 nm

Side PF τ1 τ2 τ3 W1 W2 W3 G0

15/30 FS 1.94E+12 6.0E-07 8.0E-05 5.0E-04 5.0E-01 3.0E-01 2.0E-01 5.1E-03
BS 8.05E+11 6.0E-07 8.0E-05 5.0E-04 5.0E-01 3.0E-01 2.0E-01 6.4E-03

30/30 FS 8.77E+11 6.0E-08 9.0E-07 1.0E-06 5.0E-01 4.0E-01 1.0E-01 2.6E-03
BS 8.67E+11 1.0E-07 8.0E-07 1.0E-05 5.0E-01 4.0E-01 1.0E-01 3.0E-03

50/30 FS 8.65E+11 6.0E-08 7.0E-07 1.0E-06 5.0E-01 4.0E-01 1.0E-01 2.8E-03
BS 8.74E+11 1.5E-07 1.0E-06 1.0E-04 5.0E-01 4.0E-01 1.0E-01 3.7E-03

100/30 FS 8.59E+11 2.0E-07 1.0E-05 1.0E-04 5.0E-01 4.0E-01 1.0E-01 3.8E-03
BS 8.36E+11 2.0E-07 5.0E-06 1.0E-05 5.0E-01 4.0E-01 1.0E-01 3.4E-03

150/30 FS 8.83E+11 2.0E-07 2.0E-05 1.0E-04 5.0E-01 4.0E-01 1.0E-01 4.7E-03
BS 8.29E+11 2.0E-07 6.0E-05 1.0E-04 5.0E-01 4.0E-01 1.0E-01 2.6E-03

250/30 FS 8.35E+11 1.5E-07 1.5E-06 1.0E-04 5.0E-01 4.0E-01 1.0E-01 4.0E-03
BS 8.26E+11 1.0E-07 6.0E-07 1.0E-05 5.0E-01 4.0E-01 1.0E-01 2.1E-03

500/30 FS 8.87E+11 2.0E-07 5.0E-06 1.0E-04 5.0E-01 4.0E-01 1.0E-01 4.0E-03
BS 8.25E+11 2.0E-07 3.0E-07 1.0E-06 5.0E-01 4.0E-01 1.0E-01 1.2E-03

630 nm
Side PF τ1 τ2 τ3 W1 W2 W3 G0

15/30 FS
BS 6.48E+11 3.5E-07 8.0E-05 5.0E-04 5.0E-01 3.0E-01 2.0E-01 5.7E-03

30/30 FS 7.93E+11 7.0E-08 3.0E-07 1.0E-06 5.0E-01 4.0E-01 1.0E-01 2.5E-03
BS 7.81E+11 2.0E-07 1.0E-06 1.0E-05 5.0E-01 4.0E-01 1.0E-01 2.2E-03

50/30 FS 7.92E+11 1.5E-07 2.0E-06 1.0E-05 5.0E-01 4.0E-01 1.0E-01 2.2E-03
BS 7.90E+11 1.0E-07 1.0E-06 5.0E-06 5.0E-01 4.0E-01 1.0E-01 4.0E-03

100/30 FS 7.99E+11 1.5E-07 8.0E-06 1.0E-05 5.0E-01 4.0E-01 1.0E-01 2.8E-03
BS 7.84E+11 2.0E-07 7.0E-06 1.0E-05 5.0E-01 4.0E-01 1.0E-01 4.6E-03

150/30 FS 7.99E+11 1.0E-07 2.0E-06 1.0E-05 5.0E-01 4.0E-01 1.0E-01 3.8E-03
BS 8.16E+11 1.5E-07 7.0E-05 1.0E-04 4.0E-01 5.0E-01 1.0E-01 4.3E-03

250/30 FS 7.70E+11 1.0E-07 2.0E-06 1.0E-05 5.0E-01 4.0E-01 1.0E-01 3.8E-03
BS 7.24E+11 1.0E-07 2.0E-06 1.0E-05 5.0E-01 4.0E-01 1.0E-01 5.5E-03

500/30 FS 7.91E+11 1.0E-07 3.0E-06 1.0E-04 5.0E-01 4.0E-01 1.0E-01 4.2E-03
BS 7.74E+11 3.0E-07 3.0E-06 1.0E-04 5.0E-01 4.0E-01 1.0E-01 5.2E-03
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TRMC CHARGE CARRIER KINETICS FOR PDI-HEXHEP THIN FILMS OF VARI-
ABLE THICKNESS

Figure A.7: Photoconductivity transients for PDI-hexhep/ZnPc heterojunctions of varying PDI thicknesses.
The transients were obtained upon 495 backside excitation (BS) at a photon fluence I0 of 9.2·1012

photons/cm2.

METHODOLOGY FOR EXCITON DIFFUSION LENGTH DETERMINATION
The fraction of charges that arrive at the interface S for the PDI/ZnPc heterojunction is
described by the following two expressions assuming quenching of excitons at the PDI-
fused silica interface:
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For the TiO2/PDI heterojunction we use the following two expressions for S and as-
sume exciton quenching occurs at the PDI-air interface.
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The reflection corrected η0Σµ values obtained at different excitation wavelengths are
plotted in Figure A.8a and A.8c as function of the corresponding absorption coefficient
α) for PDI-octyl and PDI-hexhep, respectively. Different datasets for front side and back
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side illumination are fitted individually using Equations 2.11 and A.4, A.5 and are shown
in the same figure. The fitting results are provided in Table 2.1. Figure A.8b and A.8d
contain the fit trajectory at largerα values that serve to check whether the fitting function
displays the expected η0Σµ(α) trend as function of illumination side.

Figure A.8: a) A plot of η0Σµ vs. the absorption coefficient α for a TiO2/PDI-octyl (100 nm) bilayer upon FS
and BS excitation with a fit obtained from applying the exciton diffusion model. c) A plot of η0Σµ vs. α for a
TiO2/PDI-hexhep (30 nm) bilayer with a fit obtained from applying the exciton diffusion model. b) and d) A
plot of the fits at extended values of α to prove a viable exciton diffusion profile, similar to that of the organic
bilayer for TiO2/PDI-octyl and TiO2/PDI-hexhep, respectively.

DETERMINATION OF THE TIO2 ELECTRON MOBILITY

Figure A.9a gives a demonstration how the TiO2 electron mobility was determined. TRMC
conductivity fluences were measured at 300 nm backside (BS) TiO2 excitation. The max-
imum photoconductance signals at t = 0 were plotted as function of fluence and cor-
rected for the fraction of absorbed photons (FA ,300nm = 0. 58). The plateau region φΣµ
value was then taken as indicated by the red dashed line in figure A.9b. By assuming
full exciton charge separation efficiency (φ = 100%) and neglecting any conductivity and
thus mobility due to holes, the µe− in TiO2 upon backside excitation was determined
as 2.09 cm2/Vs. In the study we used the average mobility determined upon FS and BS
excitation.
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Figure A.9: a) TRMC transients of a TiO2 film upon direct bandgap (300 nm) back side (BS) excitation for the
fluence range 1·109-1·1012 photons/cm2. b) A plot of ηΣµ vs. I0 for the TiO2 single layer film. The dashed line
shows the readout value for the electron mobility in the TiO2 film.
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PDI CHROMOPHORE SYNTHESIS

Synthesis of N,N’-dimethyl-1,7-dibromoperylene diimide (PDI-C1-Br2): Regioisomer-
ically pure 1,7-dibromoperylene dianhydride1 1 (1.00 g, 1.82 mmol, 1 eq.) was sus-
pended in propionic acid (40 mL) and, subsequently, 40% aqueous solution of CH3NH2
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(1.26 mL, 14.54 mmol, 8 eq.) was added. The reaction mixture was refluxed under stirring
for 24 h, cooled to room temperature and poured into ice-water mixture. The precipi-
tate was filtered off, thoroughly washed with several portions of water and ethanol, and
dried. The crude product was taken in chloroform (200 mL) and refluxed overnight un-
der fast stirring. After being cooled to room temperature, the precipitate was collected
by filtration and dried to get the pure product (0.86 g, 82%). The product was highly
insoluble in common organic solvents. Therefore, it was characterized by 1H NMR in
sulfuric acid-d2 solution (96–98 wt. % in D2O). 1H NMR (400 MHz, D2SO4): ∂ = 9.83 (d, J
= 8.1 Hz, 2H), 9.18 (s, 2H), 8.94 (d, J = 8.1 Hz, 2H), 3.85 (s, 6H).

Synthesis of N,N’-dioctyl-1,6,7,12-tetrabromoperylene diimide (PDI-C8-Br4): 1,6,7,12-
tetrabromoperylene dianhydride2 2 (1.00 g, 1.41 mmol, 1 eq.) and n-octylamine (2.92
g, 22.60 mmol, 16 eq.) were taken in a round-bottomed flask equipped with a water-
condenser. Thereafter, propionic acid (50 mL) was added. The reaction mixture was
refluxed under stirring for 48 h, cooled to room temperature and poured into ice-water
mixture. The precipitate was filtered off, thoroughly washed with several portions of
water and ethanol, and dried to obtain the crude product. The crude product was chro-
matographed on silica with 2:1 DCM-hexane mixture to yield the pure product (1.04 g,
79%). 1H NMR (400 MHz, CDCl3): ∂ = 8.81 (s, 4H), 4.18 (t, J = 8.0 Hz, 4H), 1.78–1.67
(m, 4H), 1.43–1.25 (m, 20H), 0.87 (t, J = 7.2 Hz, 6H). 13C NMR (100 MHz, CDCl3): ∂
= 162.137, 136.055, 131.628, 131.393, 123.901, 122.679, 40.949, 31.784, 29.274, 29.162,
28.090, 27.044, 22.615, 14.069.

Figure B.2: 1H NMR spectrum of PDI-C1-Br2 in 96–98% D2SO4.
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Figure B.3: 1H and 13C (APT) NMR spectra of PDI-C8-Br4 in CDCl3.
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THIN FILM THICKNESSES

Table B.1: Thin films effective thicknesses

PDI Effective Thickness (nm)
PDI-C1 83 ± 10

PDI-C1-Br2* 835 ± 97
PDI-C8 67 ± 5

PDI-C8-Br4 253 ± 46
*Dektak measurements compromised by the high surface roughness.

X-RAY DIFFRACTION ON PDI THIN FILMS

Figure B.4: XRD spectra of a) thin films and b) powders of PDI-C1, PDI-C1-Br2, PDI-C8, and PDI-C8-Br4.
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TEMPERATURE DEPENDENT STEADY STATE ABSORPTION AND PHOTOLUMI-
NESCENCE DECAY

Figure B.5: Temperature dependent optical absorption of a) PDI-C1, b) PDI-C1-Br2, c) PDI-C8, and d)
PDI-C8-Br4. The differential absorption is shown with 300 K as the base temperature.



B

120 B. APPENDIX CHAPTER 3

Figure B.6: Temperature dependent time resolved photoluminescence of a) PDI-C1, b) PDI-C1-Br2, c)
PDI-C8, and d) PDI-C8-Br4.



B

121

VIBRATIONAL MOTION

Figure B.7: Temperature dependent PDI-hexylheptyl in a MeTHF solution.

TRANSIENT ABSORPTION MEASUREMENTS ON A PDI-C1-BR4 THIN FILM

Figure B.8: a) Transient absorption spectra at different times of a PDI-C1-Br4 thin film on sapphire upon 480
nm excitation at 1.86·1012 photons/cm2. The dashed line indicates the normalized absorption spectrum of
the thin film. The inset shows the molecular structure of PDI-C1-Br4. b) Kinetic traces of the ground-state
bleach (GSB), triplet absorption (T1-Tn ) and the singlet absorption (S1-Sn ) of PDI-C1-Br4. The solid lines are
kinetic traces from the sample on sapphire, while the dotted line belong to kinetic traces of a fused silica
based film.
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PUMP POWER DEPENDENCE IN FS-TA

Figure B.9: Kinetic traces of the ground-state bleach (GSB), triplet absorption (T1-Tn ) and the singlet
absorption (S1-Sn ) for a) PDI-C1, b) PDI-C1-Br2, c) PDI-C8 and d) PDI-C8-Br4 at 67 µW (1.86·1012

photons/cm2, solid lines) and 670 µW (1.86·1013 photons/cm2, dashed lines). For PDI-C8-Br4 the powers
were 300 µW (2.17·1013 photons/cm2) and 3 mW (2.17·1014 photons/cm2). The traces are the average of a
wavelength region as indicated in the lower right corner.
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SAMPLE PREPARATION AND CHARACTERIZATION
Thin films of anatase TiO2 of 90±10 nm thickness were purchased from Everest Coat-
ings (Delft, The Netherlands). The films were prepared by chemical vapor deposition on
top of 1 mm thick quartz plates. Subsequently, annealing at 450◦C for two hours in air
was performed to improve stoichiometry. The resulting crystallite size is 90±10 nm (see
Figure C.1). Thin films of PDI-CH3 and F16ZnPc powders were deposited on sapphire
substrates by thermal evaporation in an AJA ATC Orion evaporator. Prior to deposition,
the substrates and single layer TiO2 film on a fused silica substrate (ESCO, 12 x 25 x 1
mm) were cleaned by an air plasma for 2 min at 1000 mtorr. During thermal evapora-
tion, the powders were heated to their sublimation temperature (180-230◦C) under high
vacuum conditions (10−7-10−6 mbar) and was adjusted to an evaporation rate of 0.3 Å/s.
The deposition rate was monitored using a quartz micro-crystal balance and a substrate
holder rotated the substrates at 25 rpm to ensure film homogeneity. The resulting tri-
layer sample was annealed at 70◦C for 1 hour. This preparation method ensures high re-
producibility, homogeneity and controlled thickness of the PDI-CH3 and F16ZnPc films.
In addition, following the PVD procedure described above, individual layers of F16ZnPc
and PDI-CH3 and bilayers of TiO2/ PDI-CH3 and PDI-CH3/F16ZnPc were prepared for
reference measurements.

The thin film surface morphology was probed with an NTEGRA Prima AFM atomic
force microscopy (AFM) in tapping mode. X-ray diffractograms were acquired using a
Brüker D8 X-ray diffractometer (Co Kα1 radiation, λ = 1.79 Å) and analysed with the
Brüker program EVA. Steady state absorption spectra were obtained using a Perkin Elmer
Lambda 1050 spectrometer with the sample placed inside of an integrating sphere to
measure attenuation. Nanosecond time resolved transient absorption spectra were ac-
quired using an LP920 transient absorption spectrophotometer of Edinburgh Instru-
ments with pulsed probe light (7 ms) produced by a Xe lamp. The samples were ex-
cited by 4 ns (FWHM) laser pulses produced by an Ekspla NT 342B OPO pumped by a
Q-switched Nd:YAG laser. To probe in the 495-690 nm region, we used a 495 nm long-
pass filer when photoexciting the sample at 480 nm to neutralize scattered light, while
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upon 709 nm photoexcitation we used a 700 nm short pass filter.

FLASH PHOTOLYSIS MICROWAVE CONDUCTIVITY

The electron injection into TiO2 was studied with the flash photolysis time resolved mi-
crowave conductivity (TRMC) technique. These TRMC measurements were performed
on a home-built setup of which the operating principles are described elsewhere.1 In this
technique, optical excitation of the sample occurred via 3 ns full width half maximum
(FWHM) laser pulses (λ = 240-2200 nm). The sample was probed by continuous X-band
microwaves (∼8.4 GHz) in a microwave resonant cavity cell that limited the instrumental
response time to 18 ns. The sample chamber in the cavity cell was filled with N2 to avoid
oxygen exposure. The fractional change in microwave power reflected (∆P/P ) is related
to a change in photoconductance, ∆G(t ), as:

∆P (t )

P
=−K∆G(t ) (C.1)

In equation C.1, K is the microwave frequency dependent sensitivity factor that has
a predetermined value of 40·103 S−1 for the current experimental conditions.2 ∆G(t ) is
directly proportional to the product of the charge carrier density ni and mobility µi ac-
cording to:

∆G(t ) = eβL
∑

i
ni (t )µi (C.2)

In equation C.2, e is the elementary charge, L the film thickness and β the ratio be-
tween the inner width and length dimensions of the microwave waveguide. The index
′i ′ runs over all charged species present, i.e. electrons and holes both contribute to the
photoconductance. The photoconductance transients can be deconvoluted for the in-
strumental response function using the cavity response function profile (LP (t )):

∆Gexp (t ) = LP (t )⊗∆G0

(∑
i

ci e−t/τi

)
(C.3)

In equation C.3, ∆G0 is the initial photoconductance prior to charge carrier decay
and ⊗ indicates the convolution between LP (t ) and ∆G0. ci and τi are the exponent
and decay time characteristic of the i-th transient decay component. The sum of all de-
cay components account for all recombination processes occurring in the sample. ∆G0

can be used to obtain a value for the product of the incident photon to charge carrier
generation yield, η0, and the sum of electron and hole mobility,

∑
µ, as3.

∆G0

βeI0
= η∑

i
µi (C.4)

In equation C.4, I0 is the measured incident photon fluence.
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SURFACE CHARACTERIZATION

Figure C.1: a) AFM image of Pol-TiO2. The crystallite size is approximately 100 nm. b) XRD diffractograms of
Pol-TiO2, a 100 nm PDI-CH3 and a 200 nm F16ZnPc film on fused silica and the fused silica substrate. The
sharp peak at 2θ = 29.8◦ corresponds to a lattice spacing of 3.46 Å, typical for the anatase crystal unit.[4]

TIO2 ELECTRON MOBILITY DETERMINATION

We determined the electron mobility in TiO2 using a previously used method.5 In short,
the maximum photoconductance signal at which no charge recombination has occurred,
∆G0 is equal to the product of the charge carrier generation yield, η, and the sum of the
electron and hole mobility,

∑
µ, by the proportionality factorβeI0: as described by equa-

tion C.4. The hole mobility in TiO2 is assumed to be negligible compared to the TiO2

electron mobility, µe−. We calculate the µe− in TiO2 by dividing the experimentally de-
termined quantity∆G0/βeI0 by the fraction of absorbed photons at direct bandgap exci-
tation in TiO2 (300 nm), FA,300nm , and by assuming that the absorbed photon-to charge
carrier separation yield is unity, φ=1:

η=φFA,300nm (C.5)

Therefore µe− can be calculated as:

µe− = ∆G0

FA,300nmβeI0
(C.6)

Figure C.2a and C.2d show a plot of ∆G0/βeI0 values, that are obtained from Figure
C.2a and C.2b, as function of photon fluence. Upon front (FS) and back (BS) side direct
bandgap excitation of TiO2, ∆G0/βeI0 amounts to 1.49096 and 1.4888 cm2/Vs, respec-
tively. Using the FA,300nm of 0.66 and 0.74 for FS and BS excitation gives µe−,F S = 2.3
cm2/Vs and µe−,BS = 2.0 cm2/Vs, respectively.
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Figure C.2: TRMC photoconductance ∆G transients as function of photon fluence upon 300 nm direct
bandgap excitation of TiO2 in a) front side and b) back side b) illumination. Plots of the maximum
photoconductance ∆G0/βeI0 as function of incident photon fluence. The dotted line, indicates the average
maximum value that is used to determine the electron mobility in TiO2, µe−, upon c) front side and d) back
side illumination.
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SUB-BANDGAP STATE CORRECTION IN SENSITIZED TIO2 SAMPLES
We correct for intrabandgap state absorption in TiO2 at 700 nm photoexcitation by using
a procedure used previously.5 This method involves subtracting the photoconductance
transient, shown in Figure C.3 of a single layer TiO2 at 700 nm excitation from its respec-
tive TiO2/PDI-CH3/F16ZnPc trilayer under identical excitation conditions. We scale the
single layer TiO2 trace with a weigh factor, FSB , in order to match 100 ns kinetics. We note
that the photoconductance transient of TiO2 at 700 nm excitation was recorded only un-
til 10 microseconds. In order to subtract it from the 1 ms transient, we extrapolated the
latter part of the decay kinetics using a mono-exponential decay function.

Figure C.3: Intrabandgap state correction of a trilayer photoconductance ∆G transients (red) obtained upon
700 nm back side (BS) illumination by an TiO2 trace under identical illumination conditions (blue) that is
scaled by a factor FSB . The resulting trace is used to derive numbers for the electron injection efficiency
(black).
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AIR INFLUENCE ON DELAYED GROWTH IN PHOTOCONDUCTANCE
We studied the effect of air on the photoconductance by measuring the trilayer sample
in an air atmosphere under identical conditions as in the case of an N2 environment.
In Figure C.4 we observe only a very minute delayed photoconductance signal in air,
which is in agreement with previous observations of oxygen quenching triplet states in
perylene derivatives.6

Figure C.4: Photoconductance ∆G transient of a TiO2/PDI-CH3/F16ZnPc (15/30 nm) trilayer in N2 (green)
and in air (red) at 700 nm front side (FS) excitation (I0 = 2.0·1014 photons/cm2).

NS-TA GROUND-STATE BLEACH AND TRIPLET ABSORPTION COMPARISON

Figure C.5: Nanosecond TA transients of the trilayer at a probe wavelength of 520 (red) and 580 (black) nm,
corresponding to the triplet absorption feature (T1-Tn ) and ground-state bleach (GSB), respectively.
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SCANNING ELECTRON MICROSCOPY ON A SMOOTH POLYCRYSTALLINE TIO2

FILM

Figure D.1: Scanning electron microscope images of a single layer film of smooth polycrystalline TiO2.

ATOMIC FORCE MICROSCOPY ON A SMOOTH POLYCRYSTALLINE TIO2 FILM

Figure D.2: Atomic force microscopy images of single layers of PDI-CH3 (left), TiO2 (middle) and a bilayer of
TiO2/PDI-CH3.
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TIO2 SINGLE LAYER PHOTOCONDUCTANCE

Figure D.3: a) Normalized photoconductance traces of TiO2 excited at 300 nm at a photon fluence I0 ranging
from 2·1010-4.5·1013 photons/cm2. b) Maximum photoconductance signal ηΣµ as function of I0. c) and d)
The same figures for TiO2 upon 485 nm sub-band gap excitation.
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TIO2 SINGLE LAYER PHOTOCONDUCTANCE AS FUNCTION OF TEMPERATURE

AND FLUENCE

Figure D.4: Normalized photoconductance traces of TiO2 excited at 300 and 485 nm at a photon fluence I0
ranging from 2.2·1010 and 2.2·1012 photons/cm2 as function of temperature in a) and c), respectively.
Maximum photoconductance signal ηΣµ of TiO2 excited at 300 and 485 nm as function of temperature and I0
in b) and d), respectively. Temperature dependence of ηΣµ of TiO2 excited at 300 and 485 nm in e) and f),
respectively.
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Table D.1: List of parameters used in the 1D exciton diffusion model to calculate the curves shown in Figure
5.3.

Parameter Figure 5.3a Figure 5.3b Figure 5.3c Figure 5.3d Figure5.3e Figure 5.3f

Laser P (J) 8.35E-07 8.35E-07 8.35E-07 8.35E-07 8.35E-07 8.35E-07
λ (m) 5.00E-07 5.00E-07 5.00E-07 5.00E-07 5.00E-07 5.00E-07

ki n j S1 (s−1) 1.00E+09 1.00E+09 1.00E+09 1.00E+09 1.00E+09 1.00E+09
kSF (s−1) 1.00E+10 1.00E+10 1.00E+10 Varied 1.00E+10 1.00E+10

kFU S (s−1) 1.00E+07 1.00E+07 1.00E+07 Varied 1.00E+07 1.00E+07
kT T di s (s−1) 1.00E+06 1.00E+06 1.00E+06 1.00E+06 1.00E+06 1.00E+06

kSS A (m3s−1) 1.00E-15 Varied 1.00E-15 1.00E-10 1.00E-15 1.00E-15
ks1,r ec (s−1) Varied 1.40E+09 1.40E+09 1.40E+09 1.40E+09 Varied
ke,r ec (s−1) 5.00E+03 5.00E+03 Varied 5.00E+03 5.00E+03 5.00E+03

DS 1.00E-08 1.00E-08 1.00E-08 1.00E-09 Varied Varied
DT T 1.00E-11 1.00E-11 1.00E-11 1.00E-11 Varied Varied



SUMMARY

Conjugated organic materials are interesting for application in opto-electronic devices
where they can act as a light absorbing layer, for instance in solar cells or as a light emit-
ting layer in light-emitting diodes. In addition, they can also be used as the semiconduct-
ing materials in for instance field-effect transistors. Conjugated organic materials have
certain desirable properties that are generally found in organic materials such as light
weight, flexibility and cheap processing from solution. A particularly attractive aspects
of such materials is that their solid-state properties can be tuned by making changes
in the molecular structure by organic synthesis techniques. This also makes it possi-
ble to modify the materials so that they exhibit more uncommon processes that may be
beneficial for solar cells. Two of such processes, singlet exciton fission (SF) and triplet-
triplet annihilation upconversion (TTA-UC) are the main subjects of this thesis. The
first (SF) is a process in which a singlet excited state, formed by absorption of light, is
transformed into a combination of two triplet excited states each with half of the en-
ergy. This can, in principle, double the number of electrons that are injected in a solar
cell device, and hence double the current from the device. The second (TTA-UC) is the
reverse process of SF in which two triplet states with low energy can be combined into
a single higher-energy singlet excited state from which an electron can be injected in a
solar cells. Exploiting these two processes can in principle lead to considerable improve-
ments in the efficiency of solar cells based on these devices. SF can be exploited to use
the excess energy in photons with more than twice the bandgap energy to excite an ad-
ditional electron. In this way, the excess energy that is otherwise lost as heat, is used to
increase the current and therefore the overall energy efficiency of the device. TTA-UC
addresses another energy-loss in solar cells, that of photons in the solar spectrum that
have a lower energy than the bandgap of the active material of the solar cell. TTA-UC can
be used to combined the energy of two of these photons, that are normally not absorbed
by the solar cells, to generate a single higher-energy excited state that has sufficient en-
ergy to charge separate at an interface. Together, these two processes can address two
of the factors that cause major energy losses in solar cells. In order to efficiently exploit
these processes, a detailed fundamental understanding of these processes is required,
with particular emphasis on the effect of molecular packing in the solid-state as this is
the state where they are to be used in devices.

In order to efficiently use SF and TTA-UC, the materials in which they take place also
have to exhibit good energy and charge transport properties and hence a good under-
standing of these processes is required. Therefore, in Chapter 2, we have investigated
the relation between the solid-state molecular packing and the exciton diffusion length,
charge carrier mobility, and charge carrier separation yield using two perylene diimide
(PDI) derivatives which differ in their substitution. We have used the time resolved mi-
crowave photoconductivity technique and measured charge carrier mobilities of 0.32
and 0.02 cm2/Vs and determined exciton diffusion lengths of 60 nm and 18 nm for octyl-
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and bulky hexylheptyl-imide substituted PDIs, respectively. This diffusion length is inde-
pendent of substrate type and aggregate domain size. The differences in charge carrier
mobility and exciton diffusion length clearly reflect the effect of solid-state packing of
PDIs on their opto-electronic properties and show that significant improvements can be
obtained by effectively controlling the solid-state packing.

In Chapter 3 we have examined the relation between the molecular packing and
singlet exciton fission in thin films of brominated perylenediimides. We explore how
introduction of bulky bromine atoms in the so-called bay-area of PDIs, resulting in a
non-planar structure, affects the solid-state packing and efficiency of singlet fission. We
found that changes in the molecular packing have a strong effect on the temperature
dependent photoluminescence, expressed as an activation energy. These effects are ex-
plained in terms of excimer formation for PDIs without bay-area substitution, which
competes with singlet fission. Introduction of bromine atoms in the bay-positions strong-

ly disrupts the solid-state packing leading to strongly reduced excitonic interactions.
Surprisingly, these relatively amorphous materials with weak electronic coupling exhibit
stronger formation of triplet excited states by SF because the competing excimer forma-
tion is supressed here.

In Chapter 4 we describe an approach to use TTA-UC in a solar cell device by demon-
strating upconversion on absorption of infrared light, followed by direct electron injec-
tion into an inorganic substrate. We use time-resolved microwave conductivity exper-
iments to study the injection of electrons into the electron-accepting substrate (TiO2)
in a trilayer device consisting of a triplet sensitizer (phthalocyanine), triplet acceptor
(perylenediimide) and TiO2. Absorption of light at 700 nm leads to the almost quantita-
tive generation of triplet excited states by intersystem crossing. This is followed by Dex-
ter energy transfer to the triplet acceptor layer where the annihilation process occurs,
directly followed by injection of an electron in TiO2. These experiments nicely demon-
strate the principle, although the efficiency should still be improved before it can be
applied in a sufficiently efficient way in devices.

To gain a more detailed understanding of the mechanism of triplet diffusion we have
performed temperature dependent time-resolved microwave conductivity experiments
of bilayers of perylenediimides and TiO2 in Chapter 5. The experiments show a delayed
rise in the photoconductivity upon photoexcitation that is due to injection of electrons
in TiO2. This delayed rise is strongly influenced by temperature. At low temperatures
the rise takes place on longer time scales or is almost completely suppressed, while at
higher temperature the delayed rise becomes faster. This clearly shows a temperature
activated mechanism which we attempted to analyse using a one-dimensional exciton
diffusion model involving singlet, triplet pairs and free electrons. We found that con-
ventional processes like exciton diffusion, exciton recombination and charge injection
cannot solely account for the observed delayed rise kinets as function of temperature in
the perylenediimide layer.

The initial species that is formed upon SF is a coherent pair of triplet excited states
that constitutes an overall singlet state. In order to harvest the energy from these states
they must first transform into two independent triplet states that can inject charges into
an external circuit. The decoherence of this triplet pair has received only very little atten-
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tion. In Chapter 6 we explore an approach to increase the understanding of the break-
ing up of the triplet pairs by studying the fluorescence in the presence of an externally
applied magnetic field. In this way it is possible to characterize the energetics of the dif-
ferent triplet pairs states which can give insight in the dynamics of triplets after singlet
fission has taken place.

Finally, in Chapter 7, we give a short outlook on the fields of TTA and SF and indicate
some future research directions, especially focussing on SF.





SAMENVATTING

Geconjugeerde organische materialen zijn interessant voor toepassingen in opto- elek-
tronische ’devices’ waar ze fungeren als licht-absorberende laag, bijvoorbeeld in zon-
necellen, of als licht-emitterende laag in ’light-emitting diodes’. Bovendien kunnen ze
ook worden gebruikt als halfgeleidende materialen, bijvoorbeeld in veldeffecttransis-
toren. Deze organische materialen hebben diverse gunstige eigenschappen, zoals een
lage dichtheid, flexibiliteit en goedkope verwerking vanuit een oplossing. Een bijzonder
aantrekkelijk aspect van dergelijke materialen is dat hun vaste-stofeigenschappen kun-
nen worden gemodificeerd door het aanbrengen van veranderingen in de moleculaire
structuur middels organische synthese technieken. Dit maakt het mogelijk om de mate-
rialen zo aan te passen, dat ze meer ongewone processen vertonen die gunstig kunnen
zijn voor zonnecellen. Twee van zulke processen, singlet exciton fission (SF) en triplet-
triplet annihilatie upconversie (TTA-UC) zijn de hoofdonderwerpen van dit proefschrift.
Het eerste proces, SF, is een proces waarin een singlet-geëxciteerde toestand wordt ge-
vormd door de absorptie van licht, en vervolgens wordt omgezet in een combinatie van
twee triplet-geëxciteerde toestanden met elk de helft van maximaal de singlet energie.
Dit kan in principe het aantal elektronen dat in een zonnecel wordt geïnjecteerd ver-
dubbelen, en daarmee dus ook de stroom van het apparaat. Het tweede proces dat kan
worden geactiveerd, TTA-UC, is het omgekeerde proces van SF en hierbij worden twee
triplet-toestanden met lage energie gecombineerd tot een enkele hogere-energie singlet-
geëxciteerde toestand waaruit een elektron kan worden geïnjecteerd in zonnecellen. Het
benutten van materialen die deze twee processen mogelijk maken, kan leiden tot aan-
zienlijke verbeteringen in de efficiëntie van zonnecellen. SF kan worden gebruikt om de
overtollige energie in fotonen te gebruiken met meer dan twee keer de bandgap-energie
om een extra electron te exciteren. Op deze manier wordt de overtollige energie, die an-
ders verloren gaat als warmte, gebruikt om meer stroom te genereren en dus de algehele
energie-efficiëntie van de zonnecel te verhogen. TTA-UC pakt een ander energiever-
lies in zonnecellen aan, namelijk dat van fotonen in het zonnespectrum die een lagere
energie hebben dan de bandgap van het actieve materiaal van de zonnecel. TTA-UC
kan worden gebruikt om de energie van twee van deze fotonen, die normaal niet wor-
den geabsorbeerd door de zonnecellen, te combineren om een enkele hogere energie
aangeslagen toestand te genereren die voldoende energie heeft om een elektron over de
bandgap te exciteren. Samen kunnen deze twee processen twee van de factoren aanpak-
ken die grote energieverliezen in zonnecellen veroorzaken. Om deze processen efficiënt
te benutten, is een gedetailleerd en fundamenteel begrip van deze processen vereist. In
het bijzonder moet worden gekeken naar de invloed van de pakking van moleculen in
de vaste stoffase, aangezien dit de toestand is waarin ze in apparaten worden gebruikt.

Om SF en TTA-UC efficiënt te gebruiken, moeten de materialen waarin ze plaats-
vinden ook goede energie- en ladingstransporteigenschappen vertonen en daarom is
een goed begrip van deze processen vereist. Om deze reden hebben we in Hoofdstuk
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2 de relatie onderzocht tussen de moleculaire pakking in vaste toestand en de exciton-
diffusielengte, de mobiliteit van ladingsdragers en de opbrengst aan ladingsdragerschei-
ding met behulp van twee peryleendimide (PDI) afgeleiden, die verschillen in hun zijke-
tens. We hebben tijdsopgeloste microgolfgeleidingsexperimenten gedaan en daaruit la-
dingsdragermobiliteiten van 0.32 en 0.02 cm2 / Vs en exciton-diffusielengten van 60 nm
en 18 nm voor octyl- en omvangrijke hexylheptyl-imide-gesubstitueerde PDI’s bepaald.
De diffusielengte is onafhankelijk van het substraattype en de totale domeingrootte. De
verschillen in ladingsdragermobiliteit en exciton-diffusielengte weerspiegelen het effect
van de vaste-stofpakking van PDIs op hun opto-elektronische eigenschappen en tonen
aan dat significante verbeteringen kunnen worden verkregen door de vaste-stofpakking
effectief te controleren.

In Hoofdstuk 3 hebben we de relatie tussen de moleculaire pakking en singlet exci-
ton fission in dunne films van gebromeerde peryleendiimiden onderzocht. We onder-
zoeken hoe de introductie van grote broomatomen in de zogenaamde bay-area in PDI’s,
(resulterend in een niet-vlakke structuur) de vaste-stofpakking en efficiëntie van singlet-
fission beïnvloedt. Veranderingen in de moleculaire pakking hebben een sterk effect op
de temperatuursafhankelijke fotoluminescentie, uitgedrukt als een activeringsenergie.
Deze effecten worden verklaard in termen van excimeerformatie in PDIs zonder bay-
area substitutie, die concurreert met singlet fission. Introductie van broomatomen in de
bay-posities verstoort de pakking in vaste toestand sterk, wat leidt tot sterk verminderde
excitonische interacties. Verrassenderwijs vertonen deze relatief amorfe materialen met
zwakke elektronische koppeling een sterkere vorming van triplet-geëxciteerde toestan-
den door SF omdat de concurrerende excimeerformatie hier wordt onderdrukt.

In Hoofdstuk 4 beschrijven we een methode om TTA-UC in zonnecellen te gebrui-
ken waarin upconversie plaatsvindt na absorptie van infrarood licht, wat vervolgens
kan leiden tot directe injectie van elektronen in een anorganisch substraat. We gebrui-
ken tijdsopgeloste microgolfgeleidingsexperimenten om de injectie van elektronen in
het elektronen-accepterende substraat (TiO2) te bestuderen in een tripellaags structuur
bestaande uit een triplet generator (ftalocyanine), tripletacceptor (peryleendiimide) en
TiO2. Absorptie van licht bij 700 nm leidt tot de bijna kwantitatieve generatie van triplet-
geëxciteerde toestanden via intersystem crossing. Na dit proces verplaatsen de tripletten
via Dexter-energieoverdracht naar de triplet-acceptorlaag waar het upconversieproces
plaatsvindt. Dit proces wordt gevolgd door de injectie van een elektron in TiO2. Deze ex-
perimenten geven een goede demonstratie van het principe, hoewel de efficiëntie verder
moet worden verbeterd voordat het op een voldoende efficiënte manier in zonnecellen
kan worden toegepast.

Om meer inzicht te krijgen in het mechanisme van tripletdiffusie hebben we tempe-
ratuurafhankelijke tijdsopgeloste microgolfexperimenten aan bilaag systemen van pery-
leendiimiden en TiO2 in Hoofdstuk 5 uitgevoerd. De experimenten tonen aan dat het
maken van een licht-aangeslagen toestand een vertraagde stijging van de fotogeleiding
tot gevolg heeft door injectie van elektronen in TiO2. Deze vertraagde stijging wordt
sterk beïnvloed door de temperatuur. Bij lage temperaturen vindt de stijging plaats op
langere tijdschalen of wordt bijna volledig onderdrukt, terwijl bij hogere temperatuur
de vertraagde stijging sneller wordt. Dit toont het bestaan aan van een temperatuur ge-
activeerd mechanisme dat we hebben geanalyseerd met een een-dimensionaal exciton
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diffusie model dat bestond uit singlet, tripletpaar en elektron termen. Conventionele
processen zoals exciton diffusie, recombinatie en ladingsinjectie zijn niet individueel
verantwoordelijk voor de stijging van de fotogeleiding op langere tijden wanneer het
temperatuursgedrag van de peryleendiimide laag in aanschouw wordt genomen

De natuur van de aangeslagen toestand die direct na SF wordt gevormd is een cohe-
rent paar van triplet-geëxciteerde toestanden dat samen een algehele singlet-toestand
vormt. Om de energieën uit deze toestanden te benutten, moeten ze eerst transforme-
ren in twee onafhankelijke triplettoestanden die ladingen in een extern circuit kunnen
injecteren. Het decoherentieproces van dit tripletpaar heeft tot nu toe slechts zeer wei-
nig aandacht gekregen en er is nog niet veel informatie over bekend voor veel SF chro-
moforen. In Hoofdstuk 6 onderzoeken we een methode om meer kennis te verkrijgen
over het opsplitsen van de tripletparen door middel van het bestuderen van de fluores-
centie in aanwezigheid van een extern aangelegd magneetveld. Op deze manier is het
mogelijk om de energieën van de verschillende tripletpaar toestanden te karakteriseren
die inzicht kunnen geven in de triplet dynamiek volgend op singlet fission.

Tot slot geven we in Hoofdstuk 7 een kort overzicht op het vakgebied van TTA en SF
en geven we enkele toekomstige onderzoeksrichtingen, met name gericht op SF.
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