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Preface

1.1 Introduction

One of the most mesmerizing properties of π -conjugated materials is their ability to par-
ticipate in a multitude of opto-electronic processes.1 This feature has made them object
of intense research activities in the scientific community in the course of the last 30 years
and has now brought them up-close-and-personal to the consumer in commercial products.
Various electro-optical devices2,3 have been manufactured that make use of π -conjugated
materials, such as molecular organic light-emitting diodes4,5 (OLEDs) and their polymeric
counterparts6 (PLEDs), for use in full-color displays, as well as polymer solar cells,7 to con-
vert sunlight into electricity, and organic field-effect transistors,8,9 to be used as organic
switches.

The origin of the appealing semi-conducting properties of π -conjugated polymers (Figure
1.1) that enable their application in devices is related to the extended nature of the electronic
wavefunctions that is created by the alternating single and double bonds of their molecular
structure. This provides the basis for charge transport and gives rise to a range of linear and
nonlinear optical properties.

There are many analogies between π -conjugated materials and traditional semi-conduc-
tors, such as silicon, but also salient differences. One of the special properties of π -conjuga-
ted materials is the fact that upon photoexcitation or electrical excitation a triplet excited
state, i.e. a state with a net magnetic moment, can be formed that is significantly lower

n
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Figure 1.1 Structures of archetype π-conjugated polymers: polyacetylene (PA), poly-
p-phenylene (PPP), poly(p-phenylene vinylene) (PPV), polythiophene (PT), and polyflu-
orene (PF).
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2 1.2 States and Photophysics of Molecular Materials

in energy, up to 1 eV or more, than the corresponding singlet excited state, which has no
magnetic moment. This does not occur in silicon. These low-energy triplet states play a
crucial role in many organic and polymeric semi-conductor devices, such as light-emitting
diodes and solar cells. This thesis aims to deepen the insight into triplet excited states
and describes investigations on well-defined π -conjugated oligomers, polymers, as well as
organometallic complexes blended into polymer matrices. Research into the properties and
behavior of triplet states will provide knowledge on the functioning of opto-electronic devices
and possible ways to improve their performance.

This chapter provides an introduction to the thesis and starts with a brief overview of
the photophysics of π -conjugated molecules and a description of their excited states. As
triplet states are of specific interest, they will be discussed on a more fundamental level
and methods for the characterization of triplet states will be introduced. The second part
of this chapter provides a short outline of the existing literature on triplet state properties in
π -conjugated oligomers and polymers and their role in OLEDs.

1.2 States and Photophysics of Molecular Materials10–12

Molecules can exist in various electronic states having different energies. Transitions be-
tween these states may occur. Such processes are often initiated by absorption or emission
of a photon. The investigation of the ensemble of radiative and non-radiative transitions that
such molecules can undergo under a variety of conditions is subject of the field of photo-
physics. Figure 1.2 identifies various states and transitions amongst these states for mole-
cules that have an even number of electrons and possess a singlet ground state. The organic
π -conjugated systems discussed in this thesis all have such singlet ground states.

In a singlet state all electron spins are paired and there is no net magnetic moment.
The spin degeneracy, or multiplicity, which provides the name of this state, is 1. The singlet
ground state, i.e. the one with the lowest energy, is denoted as S0 (Figure 1.2). The subscript
indicates the relative energetic position compared to other states of the same spin multiplicity.
Thus, the next higher state above the ground state within the singlet manifold is S1, then S2

and so forth. Often a singlet state is denoted with the superscript 1, e.g. in 1(ψaψb), a
notation used to specify the electronic configuration (i.e. the two orbitals ψa and ψb) that are
singly occupied with anti-parallel spins.

In addition to a singlet state, a molecule with an even number of electrons can also be in
a triplet state (or, in fact, any state with odd multiplicity). In a triplet state two electrons are no
longer anti-parallel and this results in a spin multiplicity of 3, as will be shown in detail in the
next section. As a consequence, a triplet state has a net magnetic moment. The lowest state
of the triplet manifold is denoted as T1, higher excited triplet states are denoted T2, T3,. . . Tn.
Likewise, the superscript 3, as in 3(ψaψb), is used to specify the electronic configuration of a
triplet state involving two orbitals ψa and ψb.

A given triplet state, e.g. T1, will always be lower in energy than its singlet counterpart,
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S1. This is due to the exchange integral, K , which can be thought of as a quantum-chemical
correction to the coulombic electron repulsion integral J . The exchange integral assures
that two electrons experience a stronger net repulsion when they have anti-parallel spins
(S1) than when they have parallel spins (T1). The exchange integral is a direct mathematical
consequence of a fundamental quantum-mechanical postulate known as the Pauli principle,
which states that the total wavefunction including spin must be anti-symmetric with respect
to the interchange of any pair of electrons. The energy difference between S1 and T1 equals
2K .

A molecule can be excited by absorption of a photon (hν). Following this event a plethora
of photophysical processes can transform the molecule from one state to another before it
eventually returns to its ground state, as long as it has not engaged in any chemical reaction.
The most basic of photophysical processes of molecules are:

1. S0 + hν −→ S1 singlet-singlet absorption, where a photon is absorbed by a
molecule in the ground state elevating it to a higher energy
level, in this case the S1 state.

2. S0 + 2 hν −→ S1 two-photon singlet-singlet absorption where two photons are
absorbed by a molecule in the ground state nearly simultane-
ously elevating it to the S1. This process involves a virtual en-
ergy level to make the transition possible/allowed.

3. S0 + hν −→ T1 singlet-triplet absorption, where a photon is absorbed that does
not contain enough energy to excite the molecule to the S1

state, but contains enough energy to excite it to the triplet state.

4. T1 + hν −→ Tn triplet-triplet absorption, a type of excited state absorption
(ESA), where a photon is absorbed by a molecule in the T1

excited state elevating it to an even higher triplet state Tn.

5. S1 −→ S0 + hν fluorescence, where a molecule in the excited singlet state de-
cays radiatively, i.e. under emission of a photon.

6. T1 −→ S0 + hν phosphorescence, where a molecule in the excited triplet state
emits a photon and returns to the singlet ground state.

7. S1 −→ S0 + 1

Tn −→ T1 + 1

internal conversion (IC), where a molecule in an excited state,
crosses over to another electronic state of the same spin mul-
tiplicity. The subsequent non-radiative decay through the step-
wise loss of vibrational energy packages (vibrational quanta)
ensures that thermal energy (1) is released.

8. S1 −→ T1 + 1

T1 −→ S0 + 1
inter-system crossing (ISC), where a molecule in an excited
state, crosses over to another electronic state with a different
spin multiplicity. The subsequent non-radiative decay through
the stepwise loss of vibrational quanta ensures that thermal
energy (1) is released.

How, why and under which circumstances do these processes take place? Answering
this question requires considering Fermi’s golden rule. Fermi’s golden rule states that the
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Figure 1.2 Photophysical states of singlet ground state molecules and the transitions
these states can undergo.

change in transition probability, or transition rate dP/dt equals:

dP
dt
= 2π~|Vfi |

2ρ(Efi ) (1.1)

where ~ is Planck’s constant, h, divided by 2π , ρ(Efi ) the density of states at the energy of the
transition Efi , and |Vfi | the matrix element coupling the initial state i to the final state f. The
quantum- mechanical operator that connects the two states obviously varies with the process
under consideration. Fermi’s golden rule is an expression for the fact that any transition relies
on a finite, non-zero matrix element |Vfi | that couples the final state to the initial state. The
rate of a transition, governed by |Vfi |, is often summarized in selection rules that identify
conditions where |Vfi | = 0 or 6= 0. Hence, transitions are often called symmetry-allowed or
symmetry-forbidden depending on the parity of the orbital wavefunctions, or spin-allowed or
spin-forbidden depending on the spin multiplicity of the states. Of course when drafting these
selection rules it is required that the nature of the operator is known.

Within the Born-Oppenheimer approximation, the nuclei are static with respect to the
electrons’ changes and movements and the nuclear coordinates can be separated from the
electronic part. It also implies that transitions involving photons (radiative transitions) are in
first approximation “vertical”, meaning not changing the geometry of the molecule. However
when vibrational energy is dissipated in many small steps, the geometry of a molecule is
changed, it is said to relax. Radiative processes are absorption, fluorescence and phos-
phorescence (Figure 1.2). Non-radiative processes can either preserve (part of) the excited
state energy of the molecule as in inter-system crossing (ISC), involving a change in spin
multiplicity, and internal conversion (IC), involving conservation of spin multiplicity, or they
can lead to a loss of (vibrational) energy as stepwise non-radiative decay (Figure 1.2).
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For radiative transitions such as absorption or emission, the matrix element |Vfi | is propor-
tional to the transition dipole moment µfi = 〈 f |µ̂|i〉, where µ̂ is the dipole moment operator.
At the frequency of the light to induce the electronic transition i → f, the dipole moment oper-
ator only affects the electronic part of the wavefunction and, hence, |Vfi | can be represented
as the product of the electronic transition dipole moment 〈φf |µ̂|φi 〉, the overlap integral of
the vibrational wavefunctions 〈υf |υi 〉, related to the Frank-Condon factor, and the overlap of
the spin functions 〈σf |σi 〉. For a transition to take place all three parts must have a non-zero
value. The actual magnitude of these terms then governs the probability of the transition and
hence its rate constant, k, and thereby the intensity.

Since the spin functions of states of different multiplicity have zero overlap, dipole tran-
sitions between states in the same manifold (spin-allowed transitions) are more probable
(more intense and faster) than transitions between different spin manifolds (spin-forbidden
transitions). The subject is more deeply discussed in the next section.

The Frank-Condon factor will influence the transition probability to specific vibrational lev-
els. Simultaneous electronic and vibrational excitation can even result in a non-zero intensity
for transitions that are formally symmetry-forbidden.

1.3 Triplet States and Spin-Orbit Coupling10

Triplet states form the subject of this thesis and therefore, it is useful to consider some of the
characteristics of singlet and triplet states in more detail and see how transitions between
these two spin states can occur. The discussion starts by considering that the electron spin
can be described with an angular momentum operator. Any angular momentum operator ĵ
and its components ĵx , ĵy or ĵz commute according to:

[ ĵx , ĵy] = i~ ĵz

[ ĵy, ĵz] = i~ ĵx

[ ĵz, ĵx ] = i~ ĵy

[ ĵ2, ĵz] = 0

(1.2)

The eigenstates and eigenvalues of ĵ are determined by two quantum numbers j and
m j , so that:

ĵ2
| j,m j 〉 = j ( j + 1)~2

| j,m j 〉

ĵz| j,m j 〉 = m j~| j,m j 〉
(1.3)

There are different types of angular momenta present in atoms and molecules. They can
be of the type that need cyclic boundary conditions to be described in the Born interpretation,
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which means that the angular momentum will be described by integral quantum numbers.
An example for an angular momentum with integral quantum numbers is the orbital angular
momentum (a standing wave will have to end up on the same ’place’ after one full turn
otherwise destructive interference would destroy it). In this case, the quantum numbers will
be denoted l and ml .

Another type of angular momentum can be described by half-integral quantum num-
bers, for example the intrinsic angular momentum of a fermion (e.g. an electron). Here the
quantum numbers are denoted s and ms . This angular momentum was first suggested by
Uhlenbeck and Goudsmit13 as an intrinsic property of electrons as that would greatly simplify
the description of the atomic spectra and its existence was later verified by Dirac.

Electrons possess this intrinsic spin quantum number s = 1/2, and can exist in two states
denoted by ms = +1/2, the α- or up-spin and ms = -1/2, the β- or down-spin. For the case of
two electrons with s = 1/2, as in a singly excited state (S1 or T1), the composite system has
(2s1+1)(2s2+1) states. Using the Clebsch-Gordon triangle condition, it follows that the total
spin, S, can be 1 and 0 and that the total MS can become 0 and ±1 for S = 1 and MS = 0 for
S = 0.

A more pictorial description is the image of “coupled” vectors for the spins, though not
entirely correct, it is a rather tangible depiction as long as one keeps in mind that spins are
not a classical phenomenon (Figure 1.3).

The resulting states |S,MS〉 can be described in terms of α- and β-spin:

|0, 0〉 =
1
√

2
α1β2 −

1
√

2
β1α2

|1,−1〉 = β1β2

|1, 0〉 =
1
√

2
α1β2 +

1
√

2
β1α2

|1,+1〉 = α1α2

(1.4)

The first of the 4 states is a singlet state with a net spin, S = 0, while the last three states
are triplet states, characterized by a total spin of the system, S = 1. The coupling of two
vector-like electron spins is depicted in Figure 1.3.

There are two types of coupling between spin and orbital angular momentum that will
be important here, namely, Russell-Saunders (LS) and jj-coupling. LS-coupling is an ap-
propriate description of systems with weak spin-orbit coupling like almost all organic (π -
conjugated) molecules. The jj-coupling picture is appropriate to describe e.g. organometallic
compounds. The interaction of the spin angular momentum ŝ and the orbital angular momen-
tum l̂ operators can be described with the spin-orbit coupling Hamiltonian, ĤSO = ξ(r)l̂ · ŝ.
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For an electron in a hydrogen-like atom one can write:

ξ(r) =
Ze2

8πε0m2
ec2r3

(1.5)

where ε0 is the vacuum permittivity, c is the speed of light, e the charge and me the mass of
the electron at position r , and Z the atomic number of the nucleus involved. For hydrogen-
like orbitals (ψ ∝ Z

3
2 ) the expectation value of the r−3-dependent ĤSO operator gives an

additional proportionality of ξ ∝ Z3, such that the spin-orbit coupling constant ζ , which is
defined as hcζ = 〈ψ |ξ |ψ〉~2 is proportional to Z4. Hence, in the presence of heavy atoms,
spin-orbit coupling can become very strong.

The effect of the spin-orbit coupling Hamiltonian is that it allows for coupling of a singlet
state to a triplet state. This can be shown by considering the spin-orbit coupling Hamiltonian
for two electrons.

ĤSO = ξ1l̂1 · ŝ1 + ξ2l̂2 · ŝ2 =
1
2
(ξ1l̂1 + ξ2l̂2)(ŝ1 + ŝ2)+

1
2
(ξ1l̂1 − ξ2l̂2)(ŝ1 − ŝ2) (1.6)

It can be easily shown that only the last term of ĤSO causes coupling of the singlet state
|0, 0〉 to the triplet state |1, 0〉, via its z-components:

(ŝ1z − ŝ2z)|0, 0〉 = (ŝ1z − ŝ2z)
1
√

2
[α1β2 − β1α2] = ~

1
√

2
[α1β2 + β1α2] = ~|1, 0〉 (1.7)

As shown in section 1.2, the matrix element 〈 f |µ̂|i〉 associated with a dipole-induced
transition between an initial and a final state, i and f, can be written as a triple product of the
electronic transition dipole, and the overlap integrals of the vibrational and spin functions.
Without spin-orbit coupling, the spin overlap 〈σf |σi 〉 becomes zero when σf 6= σi and the
transition will not take place. Spin-orbit coupling causes the singlet state to partially mix with
a triplet state, such that 〈σf |σi 〉 6= 0 and the transition, such as phosphorescence will become
possible.

What does this mean for singlet-triplet transitions for the organic and organometallic
compounds used in this thesis?

In most organic molecules spin-orbit coupling is very weak and any dipole-induced tran-
sition involving a change in spin multiplicity will be relatively improbable (i.e. slow and of low
intensity). However, if in a molecule a spin-forbidden process is faster than all other com-
peting processes (due to symmetry reasons for example) it may well become the dominant
process. In organometallic compounds strong spin-orbit coupling can render singlet-triplet
transitions nearly as efficient as spin-conserving transitions.
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Figure 1.3 Interaction between two electron spins, s1 and s2. Cones do not describe
a precession but indicate totally undefined positions anywhere on the cones, the posi-
tions are defined only relatively between two coupled spins. Dashed lines indicate the
component along the (arbitrary) z-axis around which the spins are positioned as well as
the vector sum to obtain the total S, and its component along z, MS .

1.4 Methods for the Characterization of Triplet States

Because triplet states in π -conjugated polymers are excited states and they generally can-
not be formed by direct excitation from the ground state (T1← S0 has a low probability),
special techniques are needed to create, study and characterize triplet states photophysi-
cally. Examples of suitable techniques such as phosphorescence, photoinduced absorption,
quenching and delayed fluorescence techniques will be discussed in the following sections.

1.4.1 Phosphorescence

Phosphorescence (T1 −→ S0 + hν, Figure 1.2) is the emission of a photon by a molecule
when it decays from the T1 to the S0 state. The photon energy of phosphorescence pro-
vides a direct measure for the S0-T1 energy gap. Since phosphorescence is a spin-forbidden
process, its rate is generally low. Since also thermal decay from T1 to S0 is hampered by the
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different spin multiplicities of the two states, the T1 state often has a long lifetime compared
to S1, extending into the microsecond and millisecond domain. Often the lifetime of the triplet
state is enhanced at low temperatures, where thermal decay is inhibited further. When phos-
phorescence is observed, and can be monitored in time after pulsed excitation, it is possible
to determine the lifetime of the T1 state. It turns out, however, that in many π -conjugated
polymers phosphorescence is rather inefficient, resulting in very low intensities. This often
hampers its detection, which is further complicated by the comparatively overwhelming in-
tensity of the fluorescence (S1 −→ S0 + hν, Figure 1.2). In order to keep the fluorescence
intensity from drowning out the phosphorescence signal, time-gated methods are used. In
this technique, the time interval of detection is initiated at a certain delay after a short exciting
pulse so that the short-lived fluorescence (usually nanoseconds) can decay completely and
phosphorescence becomes detectable. This method was used by Bässler and coworkers to
determine for the first time the triplet state energy of a π -conjugated polymer, a ladder type
polyphenylene.14

1.4.2 Photoinduced Absorption

As argued above, a molecule that is in the excited triplet T1 state often has an extended
lifetime because it is only weakly coupled to the S0 ground state. The long lifetime allows
the T1 state to be observed via absorption of a photon. The excited state absorption (ESA)
of a molecule in the T1 state transforms this molecule to a higher-energy triplet state ( Tn←

T1, Figure 1.2). Since the Tn← T1 absorption is a spin-allowed transition, the Tn← T1 band
can be strong when it corresponds to a symmetry-allowed transition. Monitoring the Tn←

T1 absorption can provide valuable insight on the formation of triplet states and their lifetime.
In absence of phosphorescence, it has become a valuable technique to study triplet excited
states of π -conjugated oligomers and polymers as was shown by Janssen et al.15,16

ESA (within the triplet manifold) can be probed by photoinduced absorption (PIA). This
technique uses two light-sources, called pump and probe. After exciting the molecule with
the pump beam to prepare the molecule in the T1 state (usually via ISC from S1), probe
light (often white light) is used to record the absorption spectrum of excited species as the
difference between the absorption spectra of the excited and non-excited samples. PIA
provides a powerful means to study kinetics and other characteristics of the T1 state even
though the energy level of T1 remains elusive using this technique on its own.

1.4.3 Quenching

When interested in the energy of a triplet state, quenching studies can provide additional in-
formation. “Quenching” means the transfer of excited state energy from an excited molecule
to a quencher molecule. The molecule M under study can be either in the singlet (S1 or 1M∗)
or triplet (T1 or 3M∗) triplet excited state, while the quencher Q is usually in the singlet ground
state (1Q). Here, the case of triplet energy transfer will be discussed, which can be described
by the reaction:
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3M∗ + 1Q −→ 1M + 3Q∗

the asterisk describes the molecule that is excited. After quenching has taken place, the
quencher molecule is in the triplet excited state while the molecule M has decayed to its
ground state. Triplet energy transfer generally follows the Dexter mechanism in which the
total spin of the species before and after the reaction is conserved. The Dexter mechanism
involves the actual exchange of electrons. Energy transfer will only take place if the energy
level of 3M∗ is higher than of 3Q∗.

To determine the unknown triplet energy E(T1) of a molecule M, quenching experiments
using a series of quenchers Q with known triplet energy levels are performed. If the triplet-
triplet (Tn ← T1) absorption band of 3M∗ can be probed in a PIA experiment, successful
quenching causes this band to disappear upon addition of the quencher. Quenching of 3M∗

by a quencher of known energy level establishes E(T1) of M to lie above that of Q. In the
case of unsuccessful quenching, the triplet energy of M is lower than that of Q.

By performing experiments with different quenchers, an approximate energy for the en-
ergy level of an unknown triplet state can be determined. Monkman and coworkers, for ex-
ample, created high triplet densities via pulse-radiolysis and triplet sensitization and could,
thus, approximately determine the hitherto unknown energy levels of various π -conjugated
polymers.17

Molecular oxygen, O2, possesses a 36−g triplet ground state and has a low-energy
(0.98 eV) 11g singlet excited state. As a consequence molecular oxygen acts as an effi-
cient quencher for many triplet state molecules:

3M∗ + O2(36−g ) −→ 1M + O2(11g).

To avoid this reaction, measurements involving triplet states are generally performed
under a protective atmosphere or in high vacuum.

1.4.4 Triplet-Triplet Annihilation and Delayed Fluorescence

Another method to determine the energy of non-emissive triplets is the measurement of
excitation spectra of delayed fluorescence (DF). When sufficiently high numbers of triplet
excited states are formed, they can meet and undergo triplet-triplet annihilation (TTA):

T1 + T1 −→ S0 + S1

TTA is a spin-allowed process and may leave one of the molecules in the singlet excited
state S1 and the other in the singlet ground state S0. The S1 state can subsequently decay
by fluorescence. When using pulsed excitation, the fluorescence produced via TTA is con-
siderably delayed in time compared to the normal or prompt fluorescence (PF) because it
originates from long-lived triplet states that recombine on a time scale that is much longer
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than the nanosecond-scale lifetime of the fluorescence of the directly excited S1 state.

By exciting molecules at energies below that of the S1← S0 transition, it is sometimes
possible to probe the direct, but weak T1← S0 absorption via monitoring the delayed fluo-
rescence produced by TTA. When the wavelength is varied, the excitation spectrum of the
delayed fluorescence, arising via TTA, corresponds to the absorption band of the direct triplet
absorption (T1← S0, Figure 1.2). At a certain energy, the low limit of the triplet absorption
feature is reached and triplet excitation and with it, DF will cease. This energy corresponds
to the energy of the triplet state. Landwehr et al. used this technique to accurately determine
the triplet state energies of a series of oligothiophenes.18

1.5 Triplet States in 5-Conjugated Oligomers and Polymers

Triplet states in organic and polymeric semi-conductors have received considerable attention
in the literature. In this section a selection of the literature on subjects relevant to the contents
of the thesis is reviewed.

1.5.1 Triplet State Energies of Oligomers and Extrapolation to the Triplet State Energy
of the Polymer

The determination of the triplet energy, being one of the most basic features of the triplet
states in π -conjugated materials, has been an issue of profound interest. Especially, for the
commonly non-phosphorescent π -conjugated polymers, determining the triplet energy has
been a challenging subject for many years. Since the corresponding oligomers of these π -
conjugated polymers are more well-defined, several groups have focussed on determining
the singlet and triplet state energies of series of π -conjugated oligomers. From the conjuga-
tion length dependence of these energies, the energy of the polymer can be determined by
extrapolation.

To determine the difference in energy between T1 and S0 in π -conjugated oligomers
several techniques have been used: quenching studies using quenchers of known triplet
state energy,19 photoacoustic calorimetry,20 photodetachment photoelectron spectroscopy
(PD-PES)21 and excitation spectra of direct T1← S0 excitation while probing the signal of
delayed fluorescence.18 The conjugation length dependence of the energies of the lowest
triplet transition yielded extrapolated values for the energy of the polymer triplet state. Seixas
de Melo et al. studied oligothiophenes nT with n = 1–7 using photoacoustic calorimetry and
determined the energy of the triplet state and its length dependence. From the data obtained
for the oligomers, the limit of the energy difference between S0 and T1 for n =∞ was found
to be 1.24 eV.20 Landwehr et al. recorded excitation spectra of directly triplet excited delayed
fluorescence (DF) of nT with n = 2–5 and extrapolated to the polymeric limit of 1.11 eV.18

The conjugation length dependence of the transition energies in π -conjugated oligomers
such as oligothiophenes, oligofluorenes, oligo(phenylene vinylene)s and oligophenylenes is
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– in first approximation – often linear with the reciprocal number of repeat units (n). This
reciprocal (1/n) dependence has been observed for the energy of the lowest triplet state
T1,18,22,23 but also for higher triplet transitions Tn ← T1

16,24–26 and for the S1← S0 transi-
tion.27–40 The slope of the S1 energy versus 1/n is usually more pronounced than for the T1

energy. This has been ascribed to the exchange energy that stabilizes the triplet state and
localizes it on a smaller part of the chain than the corresponding singlet state. If a state is
more localized, the energy will be less affected by changes in length of the oligomer.

1.5.2 Determination of the Energy of the Triplet State of 5-Conjugated Polymers

Although Holdcroft et al.41 claimed to have recorded the phosphorescence spectrum of a
polythiophene, which would have placed its T1 state energy at 1.50 eV, it turned out that
this experiment could not be reproduced by others. It was only in 1999 that the first gener-
ally accepted case of phosphorescence in a π -conjugated polymer was reported by Bässler
and coworkers for a ladder type polyphenylene derivative (MeLPPP) and one of its oligo-
mers.14,39,42 Since then, using the method of gated detection, this group has determined the
triplet state energies of a polyfluorene, a polyphenylene derivative and two quinoxaline poly-
mers.43–45 From the threshold energy of singlet fission (S0 + S1 −→ T1 + T1), Österbacka et
al. could determine the triplet state energy of poly(phenylene vinylene) at 1.55 eV.46 Simul-
taneously, the group of Monkman have used the quenching technique in combination with
pulse radiolysis to determine the approximate energies of the triplet states of a large variety
of polymers ranging from different derivatives of polythiophene, polyphenylene, polypyridine,
polyfluorene to a ladder type polyphenylene (LPPP).17,47–49 This group also used gated de-
tection to study triplet state energy and characteristics of a polythiophene derivative.50

By introducing heavy elements to increase spin-orbit coupling it is possible to increase
the mixing of singlet and triplet states and enhance the probability for absorption to, or emis-
sion from, the triplet state. Often solvents containing heavy elements (e.g. iodinated sol-
vents) are used.16 Lupton and coworkers, however, exploited residual heavy metal atoms
used as catalyst during synthesis to record the intrinsic electrophosphorescence from a
phenyl substituted LPPP derivative.51 A more controlled approach to make use of the heavy
atom effect has been taken by the group of Köhler who investigated the triplet state energies
of a large variety of platinum-containing monomers and polymers and compared them with
those of the corresponding platinum-free compounds.52–55

1.5.3 Exchange Energy of 5-Conjugated Materials

Most studies on triplet states in π -conjugated materials are not limited to the mere deter-
mination of the triplet state energy but report additional information, for example on the S1-
T1 energy gap, 1EST. For most π -conjugated polymers 1EST is ∼0.7 eV, while oligomers
show far larger exchange energies. This increase can be rationalized by considering that
in oligomers delocalized states become forcedly more localized within the boundaries of the
molecule when the molecule is smaller. This increases the energy of the confined exciton.
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The forced localization is more keenly felt by the singlet state since it tends to be more delo-
calized. Usually the triplet state is thought to be confined on roughly one or two monomeric
units, however, the singlet state is estimated to be self-localized within ∼4–10 units.

Moreover, extensive theoretical studies have been carried out on a variety of different
series of π -conjugated materials. The lowest singlet and triplet states of series of ethylene-
dioxy bridged thiophenes have been investigated by Dkhissi et al.56 and Alemán et al.57 and
of phenylene vinylenes and thiophenes by Beljonne et al.58,59 The general picture is one of
a very confined triplet state (one or two units) and a rather more delocalized singlet state.
The aromatic configuration of most non-degenerate ground state π -conjugated oligomers is
transformed into a more quinoid structure upon excitation to the T1 state.

1.5.4 Delayed Fluorescence in 5-Conjugated Polymers

Delayed fluorescence (DF) in π -conjugated polymers has been studied in great depth by
the groups of Monkman and Bässler, who have each postulated a different mechanism to
account for the DF in a variety of π -conjugated polymers. The mechanism that Bässler and
coworkers hold responsible for DF in a given set of materials involves geminate electron-hole
pair recombination,39,42,60–62 while for Monkman et al. TTA is the source of DF49,63–68 but for
a different set of materials.

At first glance, the two groups seemed to come to contradictory conclusions and the mat-
ter was only clarified when Bässler and coworkers carried out another study:45 two deriva-
tives of the same polymer were studied, in one polymer the monomers were directly attached
via one C-C bond, while in the other polymer the same monomers were connected via an
ether functionality. The C-C connected polymer was shown to undergo charge recombi-
nation to cause DF while the ether-linked polymer showed a mixture of both mechanisms,
recombination and TTA. With these results, the past discrepancies could be rationalized: for
charge pair formation, an extended π -conjugated system and inter-chain interactions are
necessary, while short conjugation lengths and isolated chains lead to TTA to cause DF, and
these parameters are of course strongly dependent on the nature of polymer and sample
and all the aforementioned results can now be accounted for.

1.5.5 Exciton Formation in OLEDs

One of the most controversial fundamental topics in the field of π -conjugated materials is
the fraction of singlet excitons, χS, formed when holes and electrons recombine. Simple spin
statistics predict that χS = 0.25 and the remaining 0.75 recombine to the triplet state. This
subject is relevant to electroluminescent OLEDs and PLEDs where charge carrier injection
and subsequent formation of singlet excitons is crucial for efficient device performance. For
quite some time χS was thought to be governed by spin statistics, which would limit the in-
ternal quantum efficiency of electrofluorescent OLEDs and PLEDS to 0.25. However, Cao
et al. reported a ratio of 0.5 for the efficiencies of electroluminescence versus photolumi-
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nescence.69 This implies that under electrical excitation χS = 0.50, which puts serious doubt
to whether spin statistics apply to these devices. This initiated various experimental studies
that indicate deviations from spin statistics in these materials.70–76 Values for χS as high
as 83±7% have been found.75 Moreover, the singlet fraction seems to increase with the
length of the π -conjugated system. In addition, a number of theoretical studies were pub-
lished on this issue.77–81 In this context, ISC has been studied by Beljonne et al.82,83 and
Karabunarliev et al.84 and their theoretical findings suggest that electron phonon interactions
and the relative energies of interacting states play a crucial role in the efficiency of the sin-
glet formation. While these studies all indicate that significant deviations from spin statistics
are possible, there is also experimental evidence that challenges this view. In stark con-
trast to these results, Forrest and coworkers found that the singlet generation fraction does
not deviate significantly from spin statistics for both a small organic molecule (Alq3) and a
π -conjugated polymer (MEH-PPV).85

The issue has been reviewed by Brédas and coworkers from a theoretical point of view.86

They argue that exciton formation is a two-step process, initiated by the formation of a loosely
bound electron-hole pair, or charge transfer (CT) state with singlet or triplet multiplicity, that is
the precursor to the exciton. This CT state is created following simple spin statistics. When
the rates for 1CT→ S1 and 3CT→ T1 are different and ISC (1CT→ 3CT) can occur in the
CT state, it is possible that χS > 0.25.

Recently, however, Lupton and coworkers reported experiments that the expected inter-
system crossing in coulombically bound electron-hole pairs, the precursors to excitons, does
not take place.87 Hence, the issue remains under debate.

1.6 Triplet Emitters in OLEDs

An elegant way to circumvent the limits set by the electron spins on the efficiency of singlet
formation in (fluorescent) light-emitting devices is to use a phosphorescent emitter ensuring
that all excitons are quickly transformed into the triplet state on this emitter. If this can be
achieved, the internal quantum efficiency of OLEDs can become unity. This approach was
introduced by Kido et al.88 and Baldo et al.89 by incorporating organometallic complexes
in OLEDs. The highly efficient spin-orbit coupling of heavy metal centers in organometallic
complexes is exploited to provide a path for ISC of singlet excitons into the triplet manifold.
Any singlet exciton that is transferred to or is formed on such a metal complex will inter-
system cross with very high efficiencies (up to unity), while triplet excitons (formed on or
transferred to a organometallic complex) will emit from the lowest excited state of the com-
plex. Hence, all excitons, regardless of their initial spin state, lead to emission. Following
this approach, highly efficient devices have been manufactured90 and Adachi et al. have
reported up to 100% internal quantum efficiency.91,92

Since the report in 1998 on an OLED containing a platinum complex dispersed in the
emissive layer,89 a multitude of such dopants in a wide range of hosts used to construct
phosphorescent OLEDs have been reported. Different metal centers93 have been used
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in these phosphorescent OLEDs, such as platinum,89,94–96 ruthenium, as reported by De
Cola and coworkers,97 osmium,98,99 and even rare-earth metals, such as terbium,88 and
europium.100,101

However, the most common metal used for metal-organic dopants in OLEDs nowa-
days is iridium.90,102–118 Iridium(III) is a versatile d-metal ion that can accommodate (up
to) 6 coordinating ligands. Anionic ligands such as carboxylato ligands form stable bonds
to iridium, as do many σ -donor ligands (e.g. amines). Common in stable iridium com-
plexes are bidentate ligands, which carry neutral or anionic donor groups, as are cyclo-
metallating ligands that form a carbon-iridium bond and carry a second coordinating site,
mostly amines. Examples of common iridium complexes used in recent years are the green
emitting phosphor, fac-tris[2-(phenyl) pyridinato] iridium, Ir(ppy)3,102 the red emitter, bis[2-
(2’-benzothienyl) pyridinato] (acetylacetonato) iridium, Ir(btp)2(acac),103 and the blue com-
plex bis[(4,6-di-fluorophenyl)pyridinato] picolinato iridium, FIrpic.107 In all cases, iridium and
ligand centered states mix to some extent so that efficient spin-orbit coupling leads to high
efficiency ISC and/or emission. The state from which the emission occurs can be either a
metal-to-ligand charge transfer (3MLCT) state or a ligand centered 3(π − π∗) state.103

In this way, OLEDs emitting in all the colors of the visible spectrum could be achieved as
well as emission in the infrared (IR) wavelength regime as reported by Gu et al.100 and even
two different colors depending on the applied bias as shown by De Cola and coworkers.97

With future applications in mind, such as organic lighting (i.e. white light sources) or
back-lighting for full-color displays, an intense white light-emitting OLED is needed. Such
white organic LEDs (WOLEDs) have been developed making use of the same or similar
organometallic complexes as their single color counterparts. Different types of WOLED
structures119 have been reported relying on the mixing of colors to achieve white light emis-
sion: either by employment of stacked layers each carrying one emitter of a specific
color,120–122 mixing emitters of differing colors within one layer123–125 or making use of si-
multaneous emission from different states or parts of a compound.126,127

Despite the tremendous progress made in the field, there are still many challenging prob-
lems intrinsic to metal-doped OLEDs that need to be kept in mind and call for careful planning
and control of device structures. The effect of self-quenching128–130 has been addressed by
e.g. Adachi and coworkers130 and it has become clear that excitons need to be confined on
the organometallic dopant131–134 which can be achieved by choosing hosts for the dopants
that have higher S0-T1 energy gaps. Thus, the diffusional behavior of triplet excitons plays a
crucial role as discussed by Forrest135 and Ito.136
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1.7 Aim and Scope

What is the fate of a triplet state?

The characteristics of triplet excited states of π -conjugated molecules and polymers such
as their energy, geometry and lifetime as well as the way they are formed, migrate and even-
tually decay form the central theme of this thesis. The aim is to improve our knowledge on
triplet states of conjugated materials as this may help to understand and eventually improve
the operation of opto-electronic devices made from these materials.

The most fundamental property of a triplet state, its energy, is investigated in Chapter 2
for a series of oligothiophenes as a function of length and chemical derivatisation using time-
gated and steady state spectroscopic techniques as well as theoretical calculations. For
this group of molecules, experimental and theoretical methods establish the spatial extent
of a triplet exciton to be 3-4 monomer units. From the calculations further information on
the nuclear geometry of the oligomers in their triplet states is obtained and changes of the
geometry in the T1 state relative to that in the S0 state are evaluated.

Chapter 3 deals with two series of ethylenedioxy bridged oligothiophenes, which are in-
vestigated with steady state, transient and time-gated optical techniques as well as infrared
and Raman spectroscopy. At low temperatures, the electronic spectra of these compounds
reveal highly resolved vibrational progressions of two different modes. Theoretical calcu-
lations are carried out to obtain optimized geometries of the singlet and triplet states and
the vibrational normal modes (for the S0) of these molecules. A Franck-Condon analysis
of the vibronic band shape in the electronic spectra is used to estimate the changes in the
equilibrium nuclear geometry upon going from the ground to the lowest excited singlet state.

Chapter 4 provides a new look on delayed fluorescence and two-photon absorption
processes taking place upon sub-S0-S1 gap excitation in a polythiophene. Time-gated and
fluence dependent luminescence measurements are presented.

The triplet state energies of a series of oligofluorenes is studied in Chapter 5. From
the data collected, the spatial extent of a triplet exciton is estimated and it is found to be
delocalized over at least 4 monomer units.

Chapters 6 and 7 deal with the triplet state (dynamics) of organometallic molecules which
are incorporated as dopants in various solid polymeric hosts, an issue which is relevant to
phosphorescent OLEDs.

In Chapter 6 diffusion of triplet excitons of iridium emitters blended into polymer matrices
as a function of temperature, triplet state energy of the polymeric host and of the concen-
tration of a non-emissive organic quencher, is investigated, employing time-correlated single
photon counting and steady state photoluminescence techniques. The conclusion is drawn
that the migration of triplet excitons via the host in the studied samples using three poly-
meric matrices and two iridium phosphors of different triplet state energies at two different
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temperatures is negligible.

Chapter 7 addresses the mechanism for triplet energy transfer in a polymeric host doped
with two phosphorescent dyes with different triplet state energies. It is found that triplet
energy is efficiently transferred from a green emitting phosphorescent dye to a red phosphor,
when both are dispersed in an inert solid matrix. It is shown that the triplet energy transfer
can be accounted for by Förster energy transfer, rather than Dexter transfer, which requires
direct overlap of the wavefunctions. The strong spin-orbit coupling in both dyes creates
transition dipole moments that are strong enough to provide, together with an increased
lifetime, a relatively large Förster radius of several nanometers.





2
Phosphorescence and Triplet State Energies

of Oligothiophenes∗

Abstract

The phosphorescence spectra of a series of small oligothiophenes (nT, n = 1–3) incorporat-
ing a variety of substituents, end cappers, and functional groups have been recorded for the
first time using gated detection in combination with nanosecond excitation in frozen solution
at 80 K. The vibrationally resolved emission spectra provide accurate estimates of the T1

and S1 levels, and the singlet-triplet energy gap. Theoretical calculations performed at the
DFT (B3LYP/6-31G*) level reproduce all experimental trends accurately and provide a quan-
titative description of the difference in energy between lowest singlet and triplet level. The
geometry relaxation in the excited state shows that the ‘natural’ size of the triplet exciton is
about 3–4 thiophene units.

∗ D. Wasserberg, P. Marsal, S. C. J. Meskers, R. A. J. Janssen, D. Beljonne, J. Phys. Chem. B 2005, 109(10),
4410-4415.
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2.1 Introduction

The lowest excited triplet state of oligothiophenes has been subject of continuous interest
ever since [2,2’;5’,2”]terthiophene (3T), a constituent of marigolds, was identified for its ne-
maticidal activity in the presence of light.137 More recently, oligothiophenes (nT, with n the
number of thiophene rings) have received considerable attention as organic semi-conductors
with potential applications in field-effect transistors, lasing, nonlinear optics, light-emitting
diodes, and solar cells.138 The triplet (T1) state is formed in oligothiophenes with consider-
able quantum yield via inter-system crossing from the photoexcited singlet S1 state to the
triplet manifold involving low-lying Tn triplet-excited states.82 Its long lifetime enhances en-
ergy migration, trapping, and the possibility to interact with electron acceptors to form charge
carriers.15,139 The triplet states of oligothiophenes of various lengths (nT, n = 2–17) have
been identified and studied by recording their transient Tn← T1 absorption spectra.25,139–143

Despite this continued interest, one of the most basic features of the oligothiophene
triplet state, the triplet energy E(T1), has long remained elusive. Early attempts by Reyft-
mann and Scaiano to observe phosphorescence of the triplet state of 3T at 77 K proved un-
successful.144–146 Later, the triplet energy E(T1) of 3T was estimated to be 1.72±0.05 eV by
recording the T1←S0 absorption, utilizing heavy-atom induced absorption spectroscopy.147

The first truly quantitative information on the triplet state energy of a series of oligothiophenes
was reported by Landwehr, Port, and Wolf who recorded high-resolution triplet photoex-
citation spectra by monitoring the delayed fluorescence of crystalline, unsubstituted oligo-
thiophenes (nT, n = 2–5).18 More recently, Seixas de Melo et al. and Rentsch et al. also
reported triplet energies of oligothiophenes, using different approaches.20,21 Seixas de Melo
et al. employed time-resolved photoacoustic calorimetry (PAC), in combination with spectro-
scopic data on absorption and fluorescence, and measured quantum yields for fluorescence
and triplet formation to determine E(T1) for nT (n = 2–5, and 7).20 Rentsch et al. used a
more direct method, photodetachment photoelectron spectroscopy (PD-PES) of oligothio-
phene anions, to measure E(T1) for nT (n = 2–4) in the gas phase.21 Moreover they were
able to measure, for the first time, the phosphorescence of 2T by gated detection in solution
at cryogenic temperatures, but this method failed for 3T.21

Gated detection has been used successfully in recent years for observing phosphores-
cence of various conjugated polymers.14,42–45,50,55,63,65,148,149 In this study, gated detection
in combination with laser excitation and sensitive detection, has been utilized to record the
first phosphorescence spectra of series of oligothiophenes with up to 3 thiophene units and
a range of substituents and functional groups (Figure 2.1) at 80 K in frozen solution. The
energy level of the triplet state E(T1) and the energy gap between S1 and T1, 1EST, are
directly obtained from the emission spectra.

Additionally, triplet excitations in oligothiophenes and derivatives have been character-
ized by means of first principle DFT and quantum-mechanical calculations, as well as quan-
tum-mechanical calculations at the semi-empirical level.26 Here, the results of density func-
tional theory calculations, including geometry optimization of S0 and T1, are discussed, which
provides a firm quantitative description of the lowest triplet excited state. The DFT results
reproduce the experimental triplet energies with a small (∼0.1 eV) and most importantly sys-
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tematic underestimation; in addition, they allow for an investigation of the extension of the
triplet exciton in greater detail.

2.2 Results and Discussions

The structures of the thiophene derivatives studied in this chapter are shown in Figure 2.1.
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X1= Br,   X2= CHO,   X3= H
X1=X2= CHO,   X3= H,
X1= C(O)CH3,   X2= X3= H

Figure 2.1 Oligothiophenes used in this chapter.

2.2.1 Electronic Absorption, Fluorescence and Phosphorescence of 3T

The UV/Vis absorption, prompt photoluminescence, and gated photoluminescence spectra
of terthiophene (3T) in frozen MeTHF at 80 K are shown in Figure 2.2.

The fluorescence spectrum exhibits a well-defined 0-0 transition at 3.06 eV and a vi-
bronic progression of 0.18 eV energy spacing, characteristic for the C=C stretching mode
of π -conjugated systems. In addition, a second vibrational mode with 0.07 eV energy spac-
ing can be discerned. Phosphorescence spectra were recorded using pulsed excitation in
combination with gated detection at fixed delay times after the excitation pulse. Although
previous attempts to record the phosphorescence of 3T remained unsuccessful,20,144,145 the
gated detection technique proved to be a rather straightforward way of recording phospho-
rescence spectra.

The 0-0 vibrational band in the phosphorescence spectrum at 1.82 eV, gives a first spec-
troscopic estimate for the energy level of the T1 state under these conditions. A value of
1.24 eV is found for 1EST, at equilibrium geometries, when compared with the 0-0 transition
of the fluorescence at 3.06 eV. The triplet energy of 3T determined from the phosphores-
cence spectrum (1.82 eV) agrees reasonably well with previous values obtained from gas-
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Figure 2.2 UV/Vis absorption, steady-state fluorescence, and gated phosphores-
cence spectra of 3T in MeTHF at 80 K. Phosphorescence spectra were recorded using
gated detection at different delay times (0.2, 2, 20, and 200 µs) after excitation and
collection times of 2 ms. Excitation energy was at 3.32 and 3.35 eV in fluorescence and
phosphorescence experiments, respectively.

phase PD-PES (1.92 eV),21 direct excitation in crystals at 6 K (1.87 eV),18 and time-resolved
PAC in dioxane at 293 K (1.92 eV).20 In the phosphorescence spectrum the first two bands
and a third shoulder of a vibrational progression can be discerned. When shifted along the
energy axis, the fine structure in the fluorescence and phosphorescence spectra are found
to be essentially the same, confirming that both correspond to Frank-Condon transitions to
the same (ground) state (S0). With increasing delay times the intensity of the phosphores-
cence signal decreases, which renders the lifetime of the triplet state accessible.

2.2.2 Electronic Absorption, Fluorescence and Phosphorescence of BP-nEDOTs

Similar UV/Vis absorption, fluorescence, and phosphorescence spectra were successfully
recorded for all oligothiophenes shown in Figure 2.1 in frozen MeTHF at 80 K.

Vibronic progressions caused by coupling modes of 0.14–0.19 eV could be identified in
these spectra for most oligothiophenes. As an example, Figure 2.3 shows the spectra of
the BP-nEDOT oligomers (n = 1–3). These spectra clearly reveal that the energies of the
first excited singlet and triplet states of the BP-nEDOT oligomers decrease with increasing
number of thiophene rings. Within the BP-nEDOT series, the absorption and fluorescence
spectra are best resolved for the longest oligomer (n = 3). Like for 3T, the fluorescence
spectrum of BP-3EDOT shows two vibrational progressions (0.18 and 0.05 eV).
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Figure 2.3 UV/Vis absorption, steady-state fluorescence, and gated phosphores-
cence spectra of BP-nEDOT in MeTHF at 80 K. Phosphorescence spectra were
recorded 200 ns after excitation using gated detection. (a) BP-1EDOT: fluorescence
excitation 3.62 eV, phosphorescence excitation 3.40 eV, gate 10 ms. (b) BP-2EDOT:
fluorescence excitation 3.06 eV, phosphorescence excitation 2.88 eV, gate 100 µs. (c)
BP-3EDOT: fluorescence excitation 2.76 eV, phosphorescence excitation 2.95 eV, gate
1 ms.
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2.2.3 Length and Chemical Functionalization Dependence of Singlet and Triplet Ex-
cited States

The S1 and T1 energy levels and the corresponding 1EST for all 13 compounds as in 2.1 are
given in Table 2.1.

Table 2.1 Experimental and theoretical singlet and triplet energies (eV) and the
experimental singlet-triplet gap 1EST (eV) of oligothiophenes in Figure 2.1.

Experiment Theory

Compound S1 ←Sa
0 S1 →Sb

0 T1 →Sb
0 1Eb

ST S1−S0 T1−S0

(eV) (eV) (eV) (eV) (eV) (eV)
INDO/SCIc DFTd

3T 3.17 3.06 1.82 1.24 3.13 1.72
BP-3EDOT 2.58 2.56 1.55 1.01 2.55 1.45
BP-2EDOT 2.88 2.84 1.74 1.10 2.89 1.64
BP-1EDOT 3.38 3.30 2.03 1.27 3.52 2.02
3TMK 2.89 2.75 1.74 1.01 - -
3TMA 2.84 2.69 1.70 0.99 2.81 1.60
3TBA 2.74 2.69 1.65 1.04 2.70 1.53
3TMABr 2.82 2.69 1.67 1.02 - -
BP-3T 2.71 2.63 1.62 1.01 2.77 1.52
BP-2T 2.97 2.90 1.76 1.14 3.07 1.70
BP-1T 3.45 3.34 2.04 1.30 3.67 2.09
3TC12 3.46 e 3.03 1.84 1.19 - -
3TOH 3.12 3.02 1.86 1.16 - -
a From UV/Vis absorption (0-0 transition). b From emission spectra (0-0 transitions). c

INDO/SCI calculation on DFT optimized S0 geometries. d From DFT geometry optimiza-
tion of S0 and T1 state. e Maximum absorption, no resolved vibrational progression.

A plot of the energy of the T1 state versus the energy of the S1 state reveals an almost
linear relation (Figure 2.4). The slope of 0.57 of the plot’s least-squares fit indicates that the
energy of the S1 state is more affected by chemical functionalization and a change in the
conjugation length than the T1 excited state.

Comparing the BP-nT and BP-nEDOT oligomers reveals that the energies of BP-nTs are
systematically higher than those of BP-nEDOTs. Table 2.1 and Figure 2.4 also demonstrate
that the length of the oligomer has a pronounced effect on the energies of both S1 and T1

state. The singlet and triplet state energies of the BP-nEDOT (n = 1–3) and BP-nT (n =
1–3) oligomers are inversely proportional to the number of double bonds (NDB) as shown in
Figure 2.5. The weaker dependence of the T1 energy on the reciprocal NDB as compared to
the S1 energy indicates that the triplet exciton is more localized than the singlet exciton.43,150

The linear fits indicate that the conjugation length dependence of the singlet and the
triplet excited state energies of the BP-nEDOT oligomers are slightly stronger (slopes of 18
(S1) and 12 (T1)) than for the BP-nT oligomers (slopes of 17 (S1) and 10 (T1)). As can
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Figure 2.4 Triplet energy as function of the singlet energy for oligothiophenes. The
solid line represents a least-squares fit to the data.
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Figure 2.5 Relation between the inverse number of double bonds (1/NDB) and the
singlet and the triplet excited state energies of BP-nEDOT and BP-nT oligomers.
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be seen in Table 2.1 and Figure 2.5, 1EST of BP-nT and BP-nEDOT oligomers decreases
from ∼1.3 eV to ∼1.0 eV, going from n = 1 to 3. This decrease of exchange energy with
conjugation length is in accordance with the 0.7±0.1 eV1EST found experimentally for many
conjugated polymers.150

Not only the conjugation length but also chemical functionalization of terthiophene affects
the singlet and triplet energies. Substitutents such as -CHO and -C(O)CH3 (in 3TMA, 3TMK,
3TBA, and 3TMABr) extend the conjugation length of 3T and – as a consequence – lower
the excited state energies of both T1 and S1 more strongly than the alkyl substituents in
3TC12, and 3TOH. This increased conjugation also lowers the exchange energy to ∼1.0 eV
compared to 1.3 eV in 3T.

2.2.4 Selective Excitation of 3T

Incorporated into the glass of frozen MeTHF at 80 K all oligothiophenes will have slightly
different energetic environments due to small variations in conformation and the orientation
of solvent molecules, which can be probed. Thus, to further elucidate the correlation between
singlet and triplet state energies, site-selective excitation experiments were performed.

In these experiments the phosphorescence spectra of 3T were recorded for excitation
energies between 3.18 eV (at the top of the 0-0 transition in absorption) and 3.06 eV (at
the half maximum of the 0-0 band) (Figure 2.6). The latter is close to the region where only
the energetically most relaxed 3T molecules can be excited. Figure 2.6 reveals that, as a
result of the lowering of the excitation energy, the onset of the phosphorescence spectrum
(at half maximum) shifts by 0.023 eV from 1.871 eV to 1.848 eV, while the maximum intensity
undergoes a similar shift from 1.664 to 1.640 eV. This demonstrates that features of selective
excitation are beginning to show and it indicates that photoexcitation is preserved at specific
sites.

2.2.5 Quantum-Chemical Calculations

To elucidate the nature of the triplet state in more detail, quantum-chemical calculations
were performed, initially focusing on accurately determining the triplet energies. Density
Functional Theory (DFT) was used to investigate the geometric and electronic structures
in the S0 singlet ground state and T1 triplet excited state of these molecules. Here, a po-
tential including both Becke and Hartree-Fock exchange and Lee Yang and Parr correlation
(B3LYP) has been adopted, which has been shown to provide a reliable description of both
the electronic singlet ground state and the lowest triplet excited states in other conjugated
compounds.151 The use of a 6-31G* split-valence basis set leads to accurate excitation
energies at reasonable computational costs.152

Singlet vertical transition energies were computed with the semi-empirical Intermediate
Neglect of Differential Overlap (INDO) method coupled to a Single Configuration Interac-
tion (SCI), INDO/SCI, using DFT-optimized geometries (the Mataga-Nishimoto potential153
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Figure 2.6 Site-selective excitation of the phosphorescence of 3T. Excitation wave-
lengths are indicated in the spectra. The vertical lines indicate the emission maximum
for the spectrum taken after excitation at 3.18 and 3.06 eV as indicated.

was adopted to depict electron-electron interactions). The size of the active space was set
according to the number of π electrons in the molecule. The ZINDO and Gaussian98154

packages were used for the semi-empirical INDO/SCI and DFT calculations, respectively.

Calculations were performed for a selection of oligothiophenes depicted in Figure 2.1,
i.e. 3T, 3TMA, 3TBA, and the series BP-nEDOT (n = 1–6) and BP-nT (n = 1–6) (Table 2.1
and 2.2).

Table 2.2 Theoretical triplet state energies (eV) of oligo-
thiophenes in Figure 2.1.

T1-S0 DFTa (eV)

n BP-nT BP-nEDOT

6 1.31 1.22
5 1.35 1.27
4 1.41 1.34
3 1.52 1.45
2 1.70 1.64
1 2.09 2.02
a DFT calculations at optimized geometries for S0 and T1.
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2.2.6 Theoretical versus Experimental Triplet State Energies

The theoretical energy gap between S0 and T1 state, obtained from the DFT calculations,
shows a systematic offset if compared with the experimental data, where available. Experi-
mental 0-0 transition energies determined from phosphorescence spectra are systematically
underestimated by the calculated values by ∼0.1 eV (Table 2.1, Figure 2.7).
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Figure 2.7 Quantum-chemical (filled symbols) and experimental (open symbols) of
the T1 state (squares) and S1 (circles) excited state energies for oligothiophenes. The
experimental data are from the 0-0 transitions in the fluorescence (S1) and phosphores-
cence (T1) spectra.

Thus, all changes in energy due to the introduction of functional groups and increase of
conjugation length determined by experiments are reproduced satisfactorily.

It should be kept in mind that using the optimized S0 and T1 geometries, the quantum-
chemical T1 energies correspond to the energy difference between the minima of the po-
tential energy surfaces, while the experimental 0-0 transitions correspond to the difference
between the zero-point energies (ZPEs) of the two states. Since the dominant vibrational
modes and frequencies are similar for S0 and T1, the error introduced by neglecting the
vibrational effects is likely to be smaller than the observed differences.

2.2.7 Theoretical versus Experimental First Excited Singlet State Energies

In order to calculate the vertical excitation energies of the S1 state the DFT optimized singlet
ground state geometries were used for INDO/SCI single point calculations. The S1 energies
from INDO/SCI calculations are in acceptable agreement with the experimental values and
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reproduce the trends correctly (Table 2.1, Figure 2.7). However, the deviations in S1 energy
between theory and experiment are less systematic and generally larger than for the DFT T1

energies.

The larger differences are most likely due to the lower theoretical level of the INDO/SCI
method and the fact that the S1 geometry was not optimized and only a vertical transition is
computed. Since the calculations refer to the gas phase, the strong oscillator strength of the
S1→ S0 transition may induce a medium-induced spectral shift, which could contribute to
the observed larger differences between experiment and theory for the S1 energy level. For
the T1 level such a spectral shift is not to be expected since the T1→ S0 transition is of weak
oscillator strength.

2.2.8 Bond length Alteration and Geometry Changes upon Transition from Singlet to
Triplet Ground State

The DFT calculations reveal that in the S0 ground state carbon-carbon bond lengths alternate
along the backbone of the oligothiophenes in Figure 2.1. The thiophene rings have aromatic
character, with somewhat longer bonds between the rings. Going from the singlet to the
triplet ground state, the lengths of the carbon-carbon bonds are subject to change in an
alternating fashion. In the T1 excited state the interring bonds shorten, while the (intraring)
double bonds of the S0 ground state become longer in the T1.

The extent of the changes in bond length are an indication for the spatial extent of the
exciton, i.e. bonds that are subject to significant changes are involved in accommodating
the new electronic configuration. The DFT calculations demonstrate that these changes
occur symmetrically around the central thiophene ring(s) and that the effects decrease to-
ward the ends of the molecules. As a consequence, the changes in bond lengths are more
pronounced for the thiophene moieties than for phenyl or carbonyl end groups.

Only for BP-1EDOT and BP-1T, the terminal phenyl rings are affected to a considerable
extent. The single carbonyl group of 3TMA induces asymmetry in the bond length alterna-
tion, with stronger changes at the side of the carbonyl moiety. Figure 2.8 shows the changes
in bond lengths in the T1 state of the BP-nEDOT oligomers compared to the S0 ground state.
The changes are similar in magnitude for all oligomers. Considering a cutoff of |0.02 Å|, the
geometric deformation taking place in the triplet state extends over 3–4 repeat units.

A more detailed analysis of the dihedral angles around the carbon-carbon bonds reveals
that all aromatic rings are generally planar. Some torsion occurs around the bonds connect-
ing two rings, or a ring and an end group. In the singlet states the oligothiophene segments
are essentially planar for all compounds, except for 3T and BP-3T where all the thiophene
rings are twisted by ∼16 degrees. However, the S0 ground state potential is very flat, with
an energy destabilization of ∼0.35 [2.86] kJ/mol when going from the global minimum to the
fully planar structure in 3T [BP-3T].

In this respect, the carbonyl end groups must be responsible for the complete planariza-
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Figure 2.8 Changes in bond lengths upon transition from the singlet ground state to
the first excited triplet state as calculated with DFT (B3LYP/6-31G*) for BP-nEDOT (a)
n = 13 and (b) n = 6. The horizontal arrow indicates the extension of the triplet exciton,
considering a cutoff of ∼|0.02 Å|. The bonds are consecutively numbered along the
chain, setting the central bond to 0.

tion in 3TMA and 3TBA. In contrast to the carbonyl end groups, the phenyl end groups
are usually twisted in the singlet state by 20 degrees for BP-nEDOT and 27 degrees for
BP-nT. The triplet states of the oligothiophenes are essentially planar. Only for the BP-nT
and BP-nEDOT series some twisting (6–7 degrees) occurs in the triplet state around the
thiophene-phenyl bonds of most BP-nT and BP-nEDOT (n = 1–6) oligomers.

Some more information on the ‘natural’ size of an exciton in oligothiophenes has been
derived from an analysis of the distribution of the spin density of BP-6T and BP-6EDOT.22

The total spin density per ring was found to be maximized around the central part of the two
molecules, with ∼85% and ∼80% of the total spin density contained within the inner four
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rings of BP-6T and BP-6EDOT, respectively.22

2.2.9 Predicted Saturation of the Energy Gap between Singlet and Triplet Ground
State

Figure 2.9 shows the theoretical triplet state energies of BP-nTs (n = 1–6) and BP-nEDOTs (n
= 1–6) versus the inverse number of double bonds (1/NDB). As expected, the dependence
of energy of the triplet state on 1/NDB levels off for high NDB and seems to approach an
asymptotic value for a chain length corresponding to ∼4 thiophene units, i.e. it seems to
saturate.
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Figure 2.9 Relation between the inverse number of double bonds (1/NDB) and the
calculated triplet excited state energies of BP-nT oligomers (n = 1–6) and BP-nEDOT
(n = 1–6). The lines are guides to the eye.

2.3 Conclusion

Phosphorescence spectra have been recorded for the first time of a series of short, func-
tionalized oligothiophenes (nT, n = 1–3) in frozen solution at 80 K using nanosecond pulse
excitation in combination with gated detection to eliminate interfering fluorescence emission.
The phosphorescence spectra exhibit a vibronically resolved progression with a dominant vi-
brational mode that corresponds to the C=C stretching vibration. The 0-0 transition energies
provide a direct spectroscopic probe for the energy of the triplet state. Apart from a small, but
systematic underestimation of∼0.1 eV, the experimental energies and their variation with the
changes in chemical structure of the oligomer are accurately reproduced by DFT (B3LYP/6-
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31G*) calculations when using optimized geometries for S0 and T1. Combined experimental
and theoretical results demonstrate that there is a significant dispersion of both triplet and
singlet excited-state energies with chain length and a decreasing S1−T1 gap with increasing
n. In the triplet state, there is a significant, alternating change in the bond length compared
to the singlet ground state. The triplet exciton localizes at the center of the oligomers and
the ‘natural’ size is ∼3–4 thiophene rings.

Experimental Part

The synthesis of the BP-nT and BP-nEDOT oligothiophenes has been reported previously.30

The other oligomers were obtained from Aldrich (3TBA) or synthesized according to pub-
lished methods.155–158 3TOH, 3TC12, 3TMABr, BP-3T, BP-2EDOT and BP-3EDOT were
carefully purified by preparative HPLC prior to all photophysical measurements. The purity
of the other oligomers was checked to avoid fluorescence or phosphorescent signals of mi-
nor quantities of contaminants. GC-MS was used for compounds with a molecular mass
below 500 g/mol, while for higher mass compounds HPLC with diode array detection was
employed. All final products exhibited only a single peak in the respective chromatograms.

2-Methyltetrahydrofuran (MeTHF) was pre-dried over KOH for 3 days, distilled from CaH2,
and stored under inert atmosphere. All sample solutions were prepared in a glove box at
concentrations ∼10−5 M (O.D. around 1 at λmax) for absorption and phosphorescence mea-
surements and at ∼10−6 M (OD < 0.3 at λmax) for fluorescence measurements. All samples
were kept under protective atmosphere at all times. Low temperature spectra were recorded
using an Oxford Optistat CF continuous flow cryostat or an Oxford Optistat DN bath cryostat.
For all experiments, the temperature was kept at 80 K during measurements.

UV/Vis/NIR absorption spectra were recorded using a Perkin Elmer Lambda 900 spec-
trophotometer. Fluorescence spectra were recorded on an Edinburgh Instruments FS920
double-monochromator spectrometer equipped with a Peltier-cooled red-sensitive photomul-
tiplier.

A pulsed Nd:YAG laser (Surelite II-10, Continuum, FWHM 4 ns, repetition rate 10 Hz)
was used for excitation combined with an optical oscillator (Panther OPO, Continuum) to
continuously tune the excitation energy. Excitation energies were chosen close to the ab-
sorption spectrum. Emission spectra were recorded with an intensified CCD camera (PI-
MAX:1024HQ, Princeton Instruments) after dispersion of the photoluminescence by a spec-
trograph (SP306, Acton Research). The emitted light was collected and focused into a col-
lecting optical fiber using 3 lenses at an angle of about 30 degrees with respect to the incident
light beam. Signal acquisition by the camera was electronically gated. Phosphorescence
spectra were recoded at delay times of >100 ns to avoid any residual fluorescence and gate
widths of 0.1–20 ms. All phosphorescence spectra were smoothed (FFT) to reduce noise
levels. The CCD camera has a reduced sensitivity above 1.5 eV resulting in exponential loss
of spectral intensity.







3
Excited States and Vibrations of

Ethylenedioxythiophene Oligomers

Abstract

The photophyiscal properties of two series of ethylenedioxythiophene (EDOT) oligomers with
up to five repeat units are studied using absorption, fluorescence, phosphorescence, and
triplet-triplet absorption as well as infrared (IR) and Raman spectroscopy. The experiments
are complemented with theoretical calculations on the DFT level to obtain optimized geome-
tries and energies for the T1 and S0 states, and vibrational normal modes (for S0). A highly
resolved vibrational fine structure is found for all EDOT oligomers in the electronic spectra for
all studied transitions (S1← S0, S1→S0, T1→S0, and Tn← T1) at low temperature that re-
veals coupling to two different vibrational modes (∼180 and ∼50 meV). The coupling modes
are assigned to fully symmetric normal modes, where the high-energy mode is associated
with the well-known C=C bond stretch vibration and the low-energy mode involves a defor-
mation of the bond angles within the thiophene rings and a change of C-S bond lengths. The
energies of the 0-0 bands of all studied electronic transitions show a reciprocal dependence
on the inverse number of repeat units and are reproduced by quantum-chemical DFT calcu-
lations for the T1→S0 transition. Experimentally obtained Huang-Rhys parameters S1 and
S2 and theoretical normal modes are used to analyse the geometry changes between T1 and
S0 and to semi-experimentally predict the geometry in the S1 state for H-2EDOT.

35
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3.1 Introduction

Doped poly(3,4-ethylenedioxythiophene) (PEDOT) is one of the most successful conduct-
ing polymers. It combines a high conductivity in the oxidized state with good stability under
ambient conditions. The high stability in the doped state originates from the electron donat-
ing ethylenedioxy substituents that lower the oxidation potential. Because of these benefi-
cial properties PEDOT is commonly used in antistatic applications, as electrode material in
solid electrolyte capacitors, polymer light-emitting diodes and photovoltaic cells, and for elec-
trochromic windows and displays.159,160 In recent years the EDOT unit has also been used in
combination with other functional moieties to achieve redox active systems.161–166 By modify-
ing the bridge into an enantiomerically pure chiral moiety a stereo and regio regular PEDOT
derivative has been designed. The chirality in the derivatised ethylenedioxy bridge has been
shown to influence the photo- and spectro-electrical properties of the compound.167,168

In the same way as for many other conjugated polymers, detailed knowledge on the
electrical, optical, and electrochemical properties of PEDOT has been obtained by studying
well-defined oligomers with different conjugation lengths.169 The first EDOT oligomers to be
synthesized were the dimer and trimer (H-2EDOT and H-3EDOT, Figure 3.1),170–173 how-
ever, the trimer was described as highly unstable.171 To increase chemical stability and to
preserve monodispersity, a variety of α,α′ end capped oligomers employing mesitylthio,174

phenyl,30,175 and hexyl176 groups were prepared and studied in detail using cyclic voltamme-
try, optical absorption, and electron spin resonance. The synthesis and properties of EDOT
oligomers have been reviewed by Groenendaal et al.159,160 and Roncali et al.,33 and remain
a topical field of experimental22,177–182 and theoretical research.56,57 Recently, EDOT oligo-
mers have also been used for their semi-conducting properties in field-effect transistors183

and in organic photovoltaic diodes.184

RSR

OO

n

H-nEDOT: R = H, n = 2, 3
TMS-nEDOT: R = Si(CH3)3, n = 2 - 5

Figure 3.1 Ethylenedioxythiophene oligomers H-nEDOT and TMS-nEDOT used in
this study.

Systematic photophysical studies on series of π -conjugated oligomers have been re-
ported for oligophenylene vinylenes,24,185–188 oligofluorenes,23,34,36,189 and abundantly for
oligothiophenes.138 For a series of phenyl end capped EDOT oligomers, fluorescence and
phosphorescence at low temperature have been described recently,22 however, in general
the photophyiscal properties of EDOT oligomers have received surprisingly little attention.
In this chapter a comprehensive study of the electronic and vibrational spectra of a novel
series of trimethylsilyl end capped EDOT oligomers with up to five EDOT units190 will be
presented (Figure 3.1). For comparison purposes the unsubstituted EDOT dimer and trimer
have been synthesized and were both found to be surprisingly stable. The UV/Vis absorp-
tion, fluorescence, phosphorescence, transient absorption, as well as Raman and infrared
spectra of these compounds have been studied to determine the nature of the first excited
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singlet and triplet states and to compare these experiments with density functional theory
(DFT) calculations. It will be shown that in a rigid matrix at low temperature, the EDOT oligo-
mers display highly resolved electronic spectra featuring two different vibronic progressions.
Based on these spectra and DFT calculations a semi-experimental estimate of the geometry
in the singlet excited state can be made.

3.2 Results and Discussions

3.2.1 Absorption and Fluorescence at Room Temperature

The normalized absorption and fluorescence spectra of the EDOT oligomers measured in
dichloromethane at room temperature show a broad spectrum with a partially resolved vibra-
tional progression (Figure 3.2). The appearance of vibrational fine structure in the absorption
spectrum at room temperature in solution is a fairly unique property of EDOT oligomers and
is generally not observed for unsubstituted or alkyl substituted oligothiophenes.138 This re-
sult has been interpreted in terms of a rather well-defined and uniform molecular structure
in solution at room temperature. A crystallographic study of H-2EDOT has revealed that the
distance between oxygen and sulfur atoms of adjacent units is only 2.92 Å, and hence sig-
nificantly shorter than the sum of the van der Waals radii of sulfur and oxygen (3.25 Å) giving
evidence of the occurrence of strong intramolecular interactions.191 It can be presumed that
the attractive O· · ·S interactions of alternating monomers stabilize an anti-conformation of
the rings and a fully planar structure of the oligomer. As expected, the 0-0 transitions of the
absorption and fluorescence spectra shift to lower energy with increasing oligomer length.

The fluorescence lifetime (Figure 3.3) measured for the longer (n > 2)∗ EDOT oligomers
in dichloromethane increases with increasing chain length from τ = 97 ps for H-3EDOT to
586 ps for TMS-5EDOT (Table 3.1). The fluorescence quantum yield (φ) of the oligomers
also increases with chain length and as a consequence the radiative lifetimes τ/φ differ only
slightly for the EDOT oligomers (Table 3.1).

Table 3.1 Fluorescence quantum yield φ, lifetime τ (ns), radiative lifetimes from
experiment τ/φ (ns) and from the Strickler-Berg equation (τrad (ns)), and the triplet
state lifetime τ (T1) (µs) of EDOT oligomers.

Compound φ τ a τ/φ τ b
rad τ (T1)c

(ns) (ns) (ns) (µs)

H-3EDOT 0.06 0.097 1.6 2.84 230
TMS-2EDOT 0.01 - - - 2500
TMS-3EDOT 0.08 0.144 1.8 2.55 450
TMS-4EDOT 0.17 0.259 1.5 2.37 148
TMS-5EDOT 0.24 0.586 2.4 2.38 83d

a Measured in dichloromethane. b Determined using the Strickler-Berg equation. c From
time-dependent phosphorescence spectra at 80 K. d From triplet PIA spectra at 80 K.

∗ The excitation wavelength (400 nm) of the picosecond laser used in these experiment could not be used to
excite H-2EDOT and TMS-2EDOT
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Figure 3.2 Normalized UV/Vis (O.D. ∼1) and fluorescence (O.D. ∼0.1) spectra of the
EDOT oligomers in dichloromethane recorded at room temperature. For clarity the
spectra are offset vertically.

The radiative lifetimes associated with the singlet state of the EDOT oligomers can also
be estimated from the experimental absorption and fluorescence spectra using the Strickler-
Berg equation for a non-degenerate excited state:192

1
τrad
= 2.880× 109n2

〈ν̃−3
f 〉
−1
av

∫
ε d ln ν̃ (3.1)

with

〈ν̃−3
f 〉
−1
av =

∫
I (ν̃) dν̃∫

ν̃−3 I (ν̃) dν̃
(3.2)

in which n is the refractive index of the solvent, ε the molar absorption coefficient, and I
the intensity of the fluorescence spectrum. The radiative lifetimes (τrad) estimated with the
Strickler-Berg equation are collected in Table 3.1. These results agree only in the order of
magnitude with the experimental τ/φ values, which is partly ascribed to the limited accuracy
in determining φ. Despite the fact that the trends do not agree, the calculated values confirm
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Figure 3.3 Time-resolved fluorescence of EDOT for n ≥ 3 measured under ambient
conditions in dichloromethane using an excitation wavelength of 400 nm.

the experimental result that the radiative lifetime does not vary strongly with the conjugation
length of the oligomer.

3.2.2 Absorption and Fluorescence at Low Temperature

The partially resolved vibronic structure in the UV/Vis absorption of the EDOT oligomers
observed at room temperature undergoes major transformations when lowering the temper-
ature. As an example, the changes in the absorption spectrum of TMS-4EDOT in MeTHF
solution with decreasing temperature are shown in Figure 3.4.

Upon decreasing the temperature, the vibronic peaks sharpen and become more in-
tense. At low temperatures, the spectra clearly show two different vibrational progressions
with different energy splittings. For the highest energy splitting up to four replicas can be
found at higher energies, while two additional peaks are observed for the low-energy pro-
gression. The shapes and relative intensities of the peaks will be discussed in more detail
later in the Chapter. Despite the changes in shape upon cooling, the onset of the spectrum
remains more or less at the original position.

These changes with temperature are interpreted as continuous loss of conformational
disorder and it is assumed that at lower temperature the oligomers adopt a more uniform and
more planar conformation with an all-anti configuration of the thiophene rings. This reduces
the inhomogeneous broadening and leads to the highly resolved spectra of the TMS-4EDOT
molecule. To the best of our knowledge, the resolution of two different progressions has
not been observed before in similar detail in the electronic absorption spectra of conjugated
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Figure 3.4 UV/Vis absorption spectra of TMS-4EDOT in MeTHF upon cooling from
300 to 80 K.

oligomers in condensed phase at 80 K. Similar changes occur for all other EDOT oligomers
upon cooling. Their absorption spectra recorded at 80 K in MeTHF are collected in Figure
3.5.

Similarly sharp features have been observed for polymer samples at low temperature
where it could in addition to conformational effects be ascribed to freezing-in of the density
of state (DOS) relaxation.193,194 Since here dilute solutions of small oligomeric species are
considered DOS relaxation is not likely to happen.

For each oligomer, two distinct vibronic progressions are observed, corresponding to
vibrational modes with energies of ν̃1 ≈ 180 meV (≈ 1450 cm−1) and ν̃2 ≈ 56 meV (≈
450 cm−1). The 0-0 transition has the highest intensity for each of the EDOT oligomers and
becomes more pronounced for the longer oligomers. Furthermore, a clear shift of the energy
of the 0-0 transition (E00) to lower energy with increasing length is observed.

The change in temperature also has a strong effect on the fluorescence of the EDOT
oligomers. The fluorescence spectra recorded in MeTHF at 80 K also exhibit two well-
resolved vibronic progressions with similar energy splitting as the ones in the absorption. At
low temperature the fluorescence spectra are near perfect mirror images of the absorption
spectra. Under these low temperature conditions in MeTHF, the Stokes shifts are extremely
small (≤ 0.01 eV). The small Stokes shift is consistent with the molecules being confined to
rigid cavities in the frozen solvent at low temperatures (80 K), eliminating the solvent relax-
ation that causes a Stokes shift. The energies of the 0-0 transitions, E00, are listed in Table
3.2 for all oligomers together with the vibrational energies (ν̃1, ν̃2) of the two progressions.



3 Excited States and Vibrations of EDOT Oligomers 41

4.0 3.5 3.0 2.5 2.0

 I/
a.
u.

ab
so

rb
an

ce
/a
.u
.

 E/eV

H-2EDOT

H-3EDOT  

 

TMS-2EDOT   

TMS-3EDOT  
  TMS-4EDOT

TMS-5EDOT 

300 350 400 450 500 550600

/nm

Figure 3.5 Normalized UV/Vis (O.D. ∼1) and fluorescence (O.D. ∼0.1) spectra of
EDOT oligomers in frozen MeTHF recorded at 80 K. For clarity the spectra are offset
vertically.

Table 3.2 Experimental 0-0 transition energies (E00, eV) of absorption, fluorescence, phosphorescence,
and triplet-triplet absorption, the vibrational spacing (ν̃1, ν̃2, meV), line widths 0 (meV), and Huang-Rhys
parameters (S1, S2) of the EDOT oligomers and the theoretical triplet state energies (EDFT, eV) from DFT
calculations.

Compound Absorption S1← S0 Fluorescence S1→S0

E00 ν̃1 ν̃2 0 S1 S2 E00 ν̃1 ν̃2 0 S1 S2
(eV) (meV) (meV) (meV) (eV) (meV) (meV) (meV)

H-2EDOT 3.66 195 57 15 0.92 0.72 3.65 185 59 25 1.05 0.75
H-3EDOT 3.05 194 56 14 0.89 0.52 3.04 180 51 20 0.98 0.45
TMS-2EDOT 3.47 195 57 16 0.90 0.59 3.46 183 57 28 1.08 0.60
TMS-3EDOT 2.93 194 55 13 0.86 0.45 2.93 183 55 25 0.78 0.40
TMS-4EDOT 2.62 190 54 14 0.86 0.39 2.61 180 53 18 0.83 0.39
TMS-5EDOT 2.42 188 54 17 0.80 0.30 2.41 182 49 15 0.68 0.32

Compound Phosphorescence T1→S0 Excited State Absorption Tn← T1

E00 EDFT ν̃1 ν̃2 0 S1 S2 E00 ν̃1 ν̃2 0 S1 S2
(eV) (eV) (meV) (meV) (meV) (eV) (meV) (meV) (meV)

H-2EDOT 2.18 2.09 178 64 38 1.12 1.03 - - - - - -
H-3EDOT 1.79 1.67 181 60 25 0.74 0.65 2.50 179 - - 0.36 -
TMS-2EDOT 2.13 2.01 175 59 28 1.79 0.88 2.80 158 - - 0.36 -
TMS-3EDOT 1.76 1.63 180 55 25 0.68 0.55 2.39 185 - - 0.35 -
TMS-4EDOT 1.57 1.44 - 63 - - - 2.04 174 - - 0.38 -
TMS-5EDOT 1.45 1.33 - - - - 1.84 196 74 16 0.20 0.10
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Highly resolved fluorescence spectra for oligothiophenes have previously been observed
for bithiophene, terthiophene, and quaterthiophene in n-alkanes at 4.2 K,195–197 but for these
oligomers the ν̃2 ≈ 450 cm−1 progression was not observed. When plotting E00 versus the
reciprocal number of repeat units of the oligomer, an approximately linear relation is found
(Figure 3.6).
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Figure 3.6 Energies of the E00 transitions of H-nEDOTs (circles) and TMS-nEDOTs
(squares) observed in fluorescence (S1→S0), phosphorescence (T1→S0), triplet ab-
sorption (Tn← T1), and the triplet state energy from DFT calculations (DFT) as function
of the reciprocal number of repeat units in the oligomer.

The energy of the high-energy vibrational mode (ν̃1) in the absorption spectrum is slightly
higher (6–14 meV) than that of the same mode in the fluorescence spectra, while the low-
energy modes (ν̃2) have frequencies that are virtually identical. This leads to the conclusion
that the potential energy diagrams and force constants of the S0 and the S1 states are very
similar for both modes, but that the potential well of the S0 state is slightly broader along the
high-energy mode, than the S1 state.

Within one series of oligomers, the frequencies are almost constant for different lengths.
From TMS-2EDOT to TMS-5EDOT the high frequency mode shows a small decrease from
195 to 188 meV, while this mode exhibits no obvious trend with length in the fluorescence
spectra. The variations in frequency with length are minor for the lower energy mode and
show no obvious trends either (range: 57–54 meV, in the case of absorption and 57 to
49 meV in the case of fluorescence for the TMS-nEDOTs).

3.2.3 Phosphorescence at Low Temperature

The phosphorescence spectra of the EDOT oligomers (Figure 3.7) were recorded at 80 K in
frozen MeTHF using pulsed (FWHM 4 ns) laser excitation and time-gated detection, starting
100 ns after the laser pulse to avoid contamination of the low intensity phosphorescent signal
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with the more intense short-lived fluorescence. The spectral features appear at distinctly
(∼1 eV) lower energies than the fluorescence and show a clear 0-0 transition accompanied
with a vibronic fine structure at lower energies. The energy spacing in the fine structure
of the phosphorescence spectra is similar to that observed in absorption and fluorescence.
The lifetime of the phosphorescence τ (T1) was found to be in the microsecond to millisecond
regime, ranging from 83 µs for TMS-5EDOT up to 2.5 ms for TMS-2EDOT (Table 3.1). The
large red shift, the vibrationally resolved emission, and the long lifetimes are all consistent
with the phosphorescence (T1→S0) originating from the T1 states of the EDOT oligomers.
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Figure 3.7 Phosphorescence spectra of EDOT oligomers in frozen MeTHF recorded
at 80 K. The spectra are offset vertically for clarity.

The triplet state energy that can be obtained from the 0-0 transition in the spectra (Ta-
ble 3.2) decreases almost linearly with the inverse oligomer length from 2.13 to 1.45 eV for
TMS-2EDOT to TMS-5EDOT (Figure 3.6). The slope of a linear fit of the energy with the
reciprocal number is smaller for the T1→S0 transition than for the S1→S0 transition. This
suggests that the T1 state is less delocalized than the S1 state.

As mentioned before, the phosphorescence spectra show two distinct coupling modes.
The high frequency mode (175–180 meV) could only be measured for the shorter oligomers
(n = 2 and 3) because the vibronic features of the longer oligomers (n = 4 and 5) were outside
the detection range (< 850 nm). For the same reason the energy of the low frequency mode
(55–64 meV for R-nEDOTs n < 5) could not be estimated for TMS-5EDOT. There is little
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variation among these values for the different molecules and there is no clear dependence
on the length of the oligomer.

3.2.4 Triplet-Triplet Absorption at Low Temperature

Transient photoinduced absorption (PIA) spectra of the EDOT oligomers in frozen MeTHF
were recorded using pulsed (FWHM 4 ns) laser excitation and gated detection of continuous
white probe light at 80 K (Figure 3.8).
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Figure 3.8 Normalized transient photoinduced absorption spectra (-1T/T ) of the
EDOT oligomers in frozen MeTHF (O.D. ∼1) recorded at 80 K. For TMS-5EDOT spectra
recorded by transient (solid line) and near steady state (dashed line) setups are shown.
For details concerning the two setups see Experimental Part. The spectra are offset
vertically for clarity.

The PIA spectra show a strong band that can be associated with the Tn ← T1 transi-
tion of the triplet state. The 0-0 transition can be clearly discerned at the red edge in the
PIA spectra and its position decreases with increasing oligomer length from TMS-2EDOT at
2.80 eV to TMS-5EDOT at 1.84 eV. The energy of the Tn← T1 transition shows a reciprocal
dependence on the number of repeat units as displayed in Figure 3.6. Some vibrational fine
structure is apparent in the triplet absorption spectra, although less resolved than observed
in the linear absorption and emission spectra. Consequently, only the high-energy vibra-
tional splitting (∼170 meV, Table 3.2) can be seen. The second, low-energy, mode is only
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discernable for TMS-5EDOT and is about 70 meV. The energies of these two modes are
similar to those found for ground state and singlet excited state, suggesting that in all cases
similar vibrational modes couple to each of the electronic transitions.

3.2.5 Vibrational Spectroscopy

In the previous sections it was shown that at 80 K in frozen MeTHF each of the EDOT
oligomers show S1← S0, S1 →S0, T1 →S0 and Tn ← T1 transitions exhibiting vibrational
fine structure indicating coupling of these electronic transition to two vibrational modes. The
energies associated with these modes are similar in each of the spectra. In this section, the
vibrational fine structure will be analyzed in more detail and compared to vibrational spectra
recorded with FT-IR and FT-Raman techniques.

The discussion will be focused on the fine structure in the fluorescence spectra be-
cause these are highly resolved and the vibrational modes in fluorescence correspond to
the potential energy diagram of the ground state and can thus be compared to IR and Ra-
man spectroscopy. The energies of the two modes are 182.5±2.5 meV (1472±20 cm−1)
and 54±5 meV (435±40 cm−1) (Table 3.2). The ∼1450 cm−1 mode has been observed
in many different types of π -conjugated systems and is generally assigned to a symmetric
C=C stretching mode. The low-energy mode has an energy that places it in the regime of
deformational/torsional modes.

To study the vibrations in more detail, the FT-Raman and FT-IR spectra of the EDOT
oligomers were recorded. For FT-IR, the oligomers were dispersed in KBr pellets, while
FT-Raman spectra were obtained with 1064 nm excitation on powdered samples. The vi-
brational spectra were recorded at room temperature and are shown in Figure 3.9 and 3.10
for the high and low-energy regimes, respectively. Qualitatively, most of the features in the
vibrational spectra are consistent with those previously observed for α, α′ end capped oligo-
thiophenes.198–204

In the high wavenumber region (Figure 3.9), the FT-IR spectra show three vibrations at
approximately 1360, 1430, 1462 cm−1. Their positions are almost invariant with the length of
the oligomer but for H-2EDOT and H-3EDOT the last two modes appear at slightly (6-9 cm−1)
higher wavenumbers. The FT-Raman spectra are more complex and exhibit bands whose
positions and shapes shift more strongly with oligomer length and nature of the end group.
For the two transitions at ∼1437 and ∼1455 cm−1, the positions are (in first approximation)
fairly constant among the different EDOT oligomers. Two other transitions, at higher energies
(1478–1512 cm−1 and 1549–1598 cm−1) clearly show more dispersion.

The FT-IR spectra show a large number of transitions in the low wavenumber region
(Figure 3.10). In the region of interest (400–500 cm−1), the FT-IR spectra show a strong
band at 451 cm−1 for the TMS-functionalized oligomers but not for the hydrogen terminated
derivatives that show a transition at 410 cm−1. Two additional bands associated with the
TMS groups are at 630 and 755 cm−1. In contrast, the Raman spectra do show a distinct
band at ∼440 cm−1 that is close to low-energy progression observed in the fluorescence
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Figure 3.9 Experimental and theoretical (DFT) IR and Raman spectra of solid sam-
ples of EDOT oligomers at room temperature in the 1200–1700 cm−1 range. The
wavenumbers in the DFT spectra have been corrected by multiplying by 0.96.205
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Figure 3.10 Experimental and theoretical (DFT) IR and Raman spectra of solid sam-
ples of EDOT oligomers at room temperature in the 200–800 cm−1 range. The
wavenumbers of the DFT spectra have been corrected by multiplying by 0.96.205
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spectra of both types of EDOT oligomers.

3.2.6 Theoretical Calculations

Quantum-chemical calculations can provide additional information on the EDOT oligomers.
Density functional theory (DFT) has been used to describe the geometric and electronic
structures in the S0 singlet ground state and T1 triplet excited state. A potential including
both Becke and Hartree-Fock exchange and Lee Yang and Parr correlation (B3LYP) and a
split-valence 6-31G* basis set have been used to optimize the S0 and T1 geometries of all
EDOT oligomers.206

The T1-S0 energies obtained from the DFT calculations (Table 3.2) are in excellent agree-
ment with the experimental values from the phosphorescence spectra (subject to a system-
atic deviation of ∼0.12 eV) and reproduce the experimental chain length dependence accu-
rately (Figure 3.6).

When using optimized S0 and T1 geometries, the energy of the T1 state corresponds
to the energy difference between the minima of the potential energy surfaces, while the
experimental 0-0 transition corresponds to the difference between the zero-point energies
(ZPEs) of the two states. Since the dominant vibrational modes and frequencies are similar
for the singlet and triplet manifold, the error introduced by neglecting the vibrational effects
is likely to be smaller than the observed differences.
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Figure 3.11 Change in bond length (1Bond length) between the S0 and T1 states
along the sulfur atoms (top) and along the π -conjugated part (bottom) of the backbone
of the H-2EDOT oligomer obtained from DFT geometry optimization.

The optimized geometries are very similar for all EDOTs in both electronic states. All
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thiophene rings, including the two oxygen atoms, are essentially coplanar within < 1 degree
accuracy. The ethylene bridges have dihedral angles (O-C-C-O) of ∼60 degrees. The only
significant differences between S0 and T1 geometry occur for the bond lengths within and
between the thiophene rings. All C-S bond lengths increase by a few picometers in the T1

state compared to the S0 ground state (shown in Figure 3.11 for H-2EDOT).

For the C-C and C=C bonds of the thiophene rings, the changes in bond length reflect a
transition of the ring from an aromatic to quinoid configuration in the T1 state by a lengthening
of the C=C and a contraction of the C-C bonds (Figure 3.11). These changes are more
pronounced for the smaller oligomers than for the longer ones. In the longer oligomers, the
triplet state exciton is more easily accommodated and delocalized over more rings making
geometry changes per ring smaller.

The harmonic frequency analysis of the singlet ground state of the EDOT oligomers in
their DFT optimized geometries allowed determining the IR and Raman vibrational frequen-
cies and intensities. The theoretical spectra are shown next to the experimental spectra for
the high and low wavenumber regimes in Figure 3.9 and 3.10, respectively, and reveal a good
correspondence of the most salient features. The calculated wavenumbers were corrected
by a factor of 0.96.205

The calculations can be used to assign the vibrational fine structure observed in the
fluorescence spectra to specific modes. To appear in the electronic spectra, the coupling
mode must be fully symmetric within the molecule’s point group assuming that the symmetry
in ground and excited state is the same. In an all-anti conformation, the EDOTs belong
to the C2v (for n odd) or the C2h (for n even) point groups and vibrations must be of A1 or
Ag symmetry. As can be seen in the theoretical Raman spectra at least two bands with
considerable intensity are present in the high-energy region (1400–1500 cm−1).

Table 3.3 Experimental energy spacing ν̃1 and ν̃2 (cm−1) from the fluorescence spectra and
from DFT Raman spectra together with the irreducible representation of the normal mode 0(Qk)

in the point group of the molecules.

Compound Point Group Fluorescence DFT Calculations

ν̃1 ν̃2 ν̃1 0(Q1) ν̃2 0(Q2)
(cm−1) (cm−1) (cm−1) (cm−1)

H-2EDOT C2h 1490 480 1507 Ag 435 Ag

H-3EDOT C2v 1450 410 1506 A1 431 A1

TMS-2EDOT C2h 1480 460 1476 Ag 427 Ag

TMS-3EDOT C2v 1480 440 1484 A1 427 A1

TMS-4EDOT C2h 1450 430 1488 Ag 426 Ag

TMS-5EDOT C2v 1470 400 1490 A1 426 A1

One of the bands that has the required A1 or Ag symmetry is invariably found at
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1422±1 cm−1 for all EDOT oligomers. A second band (1476–1506 cm−1) shows some
dispersion with oligomer length. The vibrational frequencies of this last band are listed (ν̃1,
Table 3.3) for each of the oligomers and show generally good correspondence to the vibronic
coupling in the fluorescence spectra. The DFT calculations identified this mode as being fully
symmetric (A1 or Ag) and involving mainly bond stretching modes in the thiophene rings. The
overall mode represents a displacement of atoms along a coordinate that can be identified
with the transformation of an aromatic structure into a quinoid structure, which is expected
to couple strongly to the electronic transitions.

For the low-energy vibration regime (400–500 cm−1) a distinct band at 430±5 cm−1 in the
theoretical Raman spectra is associated with a fully symmetric (A1 or Ag) mode. Its energy
is similar to the low-energy vibronic spacing 440±40 cm−1 observed in the fluorescence
spectra. Based on this correspondence the second progression in the fluorescence spectra
is assigned to be associated with this particular mode. The displacement vectors obtained
from the DFT calculations show that for all EDOT oligomers this normal mode involves a
deformation of the bond angles within the thiophene rings and a change of C-S bond lengths.
The changing bond angles directly influence the hybridization of the conjugated chain and
it is conjectured that this causes the strong coupling to the electronic transition. There is
another indication that points to this mode as being important to electronic excitations. The
deformation caused by this mode resembles the deformation found when comparing singlet
and triplet ground state geometries in e.g. the H-2EDOT (Figure 3.11).

3.2.7 Energy and Geometry Relaxation in the Excited State

The intensity In of a transition between the vibrational ground state in the initial electronic
state and the nth vibrational level in the final electronic state is governed by the square of the
Franck-Condon overlap:

In = 〈υ0|υn〉
2 (3.3)

with υ the vibrational wave function. In the harmonic approximation, the intensity can also
be expressed in terms of the Huang-Rhys factor S as a Poisson distribution PS(n) over the
vibronic levels:

In = PS(n) =
e−S Sn

n!
(3.4)

Within this formalism, the band shape of the low-temperature electronic spectra can be
analyzed in more detail using Equation 3.5, which simulates the spectrum as a sum over the
Lorentzian-shaped vibrational peaks of both experimentally observed progressions.

I (E) = c
∑

m

∑
n

0

(E − E00 ∓ mν̃1 ∓ mν̃2)2 + 02
(

Im

Im=0
)(

In

In=0
) (3.5)
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In Equation 3.5 the sums run over all peaks m and n of both progressions, 0 is the line
broadening parameter, ν̃1 and ν̃2 are the energies of the two vibrational modes, and - or +
signs refer to absorption and emission spectra, respectively. Im and In are determined by the
Huang-Rhys parameters (S1 and S2) of the two modes according to:

Imn = Im × In =
e−S1 Sm

1

m!
e−S2 Sn

2

n!
(3.6)

Equation 3.5 has been used to determine the Huang-Rhys parameters S1 and S2 by ad-
justing I (E) to the experimental spectra. Even for single values of 0, ν̃1 and ν̃2, the simulated
spectra follow the experimental spectra fairly well (see e.g. Figure 3.12) although significant
deviation still exists at the onset and in some of the peak intensities. The increasing width
of the higher vibronic peaks in the low-energy progression suggest that deviations, which
originate from additional modes, that are not accounted for in Equation 3.5, contribute to the
width of experimental spectra. The values for S1 and S2 resulting from the fits have been
collected in Table 3.2 for each of the S1← S0, S1→S0, T1→S0 and Tn← T1 spectra.

0.0

0.5

1.0

1.5

3.6 3.4 3.2 3 2.8

 

 Experimental absorption spectrum

 a
bs

or
ba

nc
e/

O
.D
.

TMS-3EDOT

/nm

E/eV

350 375 400 425

 Simulated absorption spectrum

Figure 3.12 UV/Vis spectrum of TMS-3EDOT at 80 K and under inert atmosphere in
frozen MeTHF and a simulation of the data using Equation 3.5.

Using the experimental Huang-Rhys parameters, information about the relaxation energy
and the geometric changes associated with an electronic transition can be obtained. The
relaxation energy, defined as the loss of vibrational energy in the final state after a vertical
transition from the initial state, is directly related to the Huang-Rhys parameter via:

Erel = Sν̃ (3.7)
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In addition, the Huang-Rhys parameter is related to the dimensionless displacement 1Q
of the minima of the potential energy curve along the normal coordinate Q upon electronic
excitation according to:207

S =
(1Q)2

2
(3.8)

Since 1Q is dimensionless, it gives a displacement relative to the zero-point motion that
can be compared in different systems. Table 3.2 shows that the Huang-Rhys parameters
associated with both modes decrease with increasing chain length for each of the different
electronic transitions. For the longer oligomers the intensities of the transitions involving
higher vibrational levels are suppressed compared to the 0-0 transition.

This demonstrates that the vibrational relaxation energy associated with both modes
decreases for longer oligomers. The trend that the maximum of the vibrational envelope
shifts towards the 0-0 transition indicates that the electronic transitions cause less geometric
distortion in the larger molecules than in shorter ones. This trend occurs for each of the S1←

S0, S1→S0, T1→S0 and Tn← T1 transitions, albeit to a different degree and is interpreted
in terms of a more extended delocalization of the excitation for the longer oligomers.

For the absorption (S1← S0) spectra, S1 decreases from 0.92 for H-2EDOT to 0.80 for
TMS-5EDOT, while S2 is lowered from 0.72 to 0.30. This reveals that the low-energy vi-
brational mode becomes less frequently excited for longer oligomers. The experimental
Huang-Rhys parameters for the fluorescence (S1 →S0) spectra (1.05 ≥ S1 ≥ 0.68 and
0.75 ≥ S2 ≥ 0.32) are very similar to those in the absorption, consistent with the fact that
the same electronic states are involved. For the phosphorescence (T1→S0) spectra both
Huang-Rhys parameters for the H-2EDOT oligomer (S1 = 1.12; S2 = 1.03) are much larger
than for the H-3EDOT oligomer (S1 = 0.74; S2 = 0.65), with similarly large differences between
TMS-2EDOT and TMS-3EDOT. This indicates an appreciable excitation of both vibrational
modes for the shorter oligomers and a larger displacement1Q between the T1 and S0 states.

These findings are corroborated by DFT calculations that reveal stronger geometry relax-
ation in the T1 state for the shorter oligomers. Unfortunately, the detection limit (≤ 850 nm)
precludes determining the corresponding Huang-Rhys factors from the phosphorescence
spectra for the two longest oligomers. It should be noted, however, that vibronic coupling in
the triplet manifold along with spin-orbit coupling can introduce vibrationally induced intensi-
ties in the phosphorescence spectra, complicating this analysis.208–211 Finally, in the Tn←

T1 spectra, the Huang-Rhys parameter for the high energy mode (0.38 ≥ S1 ≥ 0.20) is much
less than for any of the other electronic transitions. The same result has been observed
previously, e.g. in the Tn← T1 spectra of p-phenylene vinylene oligomers,185 and seems to
be a general property of π -conjugated oligomers. It signifies that the geometry relaxation for
transitions between T1 and the dipole-coupled Tn state are minimal.

The above analysis shows that both coupling modes exhibit rather similar trends with
conjugation length and that the low-energy mode yields consistently smaller Huang-Rhys
parameters than the high-energy mode. Hence, in the S1 and T1 states, larger distortions
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along the normal coordinate associated with the high-energy mode occur than for the low-
energy mode and the distortions decrease with increasing chain length.

3.2.8 Geometry of the Singlet Excited State

By combining the normal vibrational modes known from the DFT calculations and the exper-
imental Huang-Rhys parameters obtained by fitting Equation 3.5 it is possible to determine
the deformation of the molecule upon excitation from S0 ground state to the first excited
singlet state S1 in semi-experimental way.

Since here the S1 state is of interest, the Huang-Rhys parameters associated with the
absorption spectra (Table 3.2) are used here. The exact (maximum) displacements during
vibration along the normal coordinates are available from the DFT calculations and need
only be converted to meaningful units, i.e. Å. For the exact procedure the reader is referred
to the Experimental Part.

1ui =
∑

k

lik
√

2~Sk
√
ωkµk

(3.9)

where 1ui (u runs over x, y and z) denotes the displacement for each individual atom i .
From the quantum-chemical calculations we obtain for each normal mode k the individual
normalized Cartesian displacements for all atoms in the x , y, and z direction (lik), the radial
frequency (ωk = 2πν̃kc) and the reduced mass µk .

For this analysis we limit the modes to the two fully symmetric modes Q1 and Q2 identified
in section 3.2.6 with energies ν̃1 and ν̃2 and focus on H-2EDOT as an example. To determine
the geometry in the singlet excited state, the displacements along these two modes need to
be taken into account simultaneously. Since it is not known if the displacements are toward
greater or smaller values (positive or negative phase) along Qk for either mode, four different
cases need to be considered. The first concerns the displacement towards greater values
along both Q1 and Q2 (+Q1+Q2), the second involves the displacement toward greater
values along Q1 and toward smaller values along Q2 (+Q1− Q2), the third the displacement
toward smaller Q1 and toward greater Q2 (−Q1 + Q2) and the last involves displacements
toward smaller Q1 and Q2 (−Q1 − Q2).

After determining the Cartesian displacements per atom in Å, the displaced bond lengths
were determined and subtracted from the (non-displaced) ground state bond lengths, along
the backbone, yielding the changes in bond length for the four situations (Figure 3.13). Figure
3.13 applies to the first singlet excited state and can be compared to the changes in bond
length calculated for the first triplet excited state in Figure 3.11. This comparison reveals that
actually the +Q1 − Q2 (squares) combination of the two modes in the S1 state provides a
geometry change that resembles the T1 state. In this combination, the C=C double bonds
elongate, the C-C single bonds are compressed, and the two C-S bonds closest to the
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Figure 3.13 Changes in bond length (Å) for geometry deformation following the differ-
ently phased combinations of the two normal modes Q1 and Q2 for H-2EDOT along the
alternating single and double bonds of the backbone (bottom) and along the backbone
via the sulfur atoms (top).

center of the molecule elongate (Figure 3.13). The other three combinations show less
correspondence with Figure 3.11.

The maximum change in bond length in the S1 state for this combination amounts to
-4 pm for the central C-C bond which is of the same order of magnitude, but less than the
value of -8 pm for the same bond of H-2EDOT in the T1 state derived from the DFT calcu-
lations. The larger geometry deformation of H-2EDOT in the T1 state than in the S1 state
inferred from this analysis is reflected in the fact that the Huang-Rhys parameters of both
modes are larger in the phosphorescence spectra (S1 = 1.12; S2 = 1.03) indicating a stronger
deformation than for the fluorescence (S1 = 1.05; S2 = 0.75), although the former may be
affected by unknown contributions from vibronic coupling in the triplet manifold along with
spin-orbit coupling influencing the intensity of the peaks in the vibrational progression.208–211

3.3 Summary and Conclusion

The photophyiscal properties of a series of EDOT oligomers with up to five repeat units
have been studied using absorption, fluorescence, phosphorescence, and triplet-state ab-
sorption as well as IR and Raman spectroscopy. At low temperature in MeTHF, the EDOT
oligomers undergo conformational relaxation to a more uniform and planar structure. As a
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consequence, the optical spectra of the EDOT oligomers show highly resolved fine structure
indicating coupling to two different vibrational modes. The vibrational energies associated
with the two vibrational progressions are very similar for each of the S1← S0, S1 →S0,
T1→S0 and Tn← T1 electronic transitions studied and amount to ν̃1 = 180±20 meV and
ν̃2 = 50±20 meV, respectively.

By comparing the vibronic coupling observed in the electronic spectra with experimental
and theoretical DFT-based vibrational spectra, the coupling vibrations could be assigned to
fully symmetric (A1 and Ag) normal modes. The high-energy mode is associated with the
well-known carbon-carbon bond stretch vibration that represents displacements analogous
to the aromatic-to-quinoid deformation of rings and inter ring bonds. The low-energy mode
involves a deformation of the bond angles within the thiophene rings and a change of C-S
bond lengths.

The 0-0 bands of the S1← S0, S1→S0, T1→S0 and Tn← T1 transitions shift to lower
energy with increasing length of the oligomer in a linear fashion with the inverse number
of repeat units. The energy of the triplet state obtained from the phosphorescence spectra
could be reproduced (subject to a systematic deviation of 0.12 eV) by quantum-chemical
DFT calculations starting from singlet geometry-optimized structures. In the T1 state, the
optimized geometry of the EDOT oligomers shows changes in bond length compared to the
optimized geometry of the S1 state that point to an increase in quinoid character.

By analyzing the shape of the vibronic progressions in the spectra, the Huang-Rhys para-
meters S1 and S2 associated with the electronic transitions were obtained. It is found that S2

is smaller than S1 and that both S1 and S2 exhibit a downward trend with conjugation length.
Hence in the S1 and T1 states, larger distortions along the normal coordinate associated
with the high-energy mode occur than for the low-energy mode and the amount of distortion
decreases with increasing chain length. For H-2EDOT, the Huang-Rhys parameters deter-
mined from the experiment were combined with the normal modes from the DFT calculations
to semi-experimentally predict the geometry in the S1 state. The results indicate a maximum
change in bond length in the S1 state of -4 pm for the central C-C bond, which is half of the
value of -8 pm for the same bond in the T1 state as inferred from the DFT calculations.

Experimental Part

The synthesis and full characterization of the EDOTs used in this study has been described
elsewhere.190

2-Methyltetrahydrofuran (MeTHF) was pre-dried over KOH for 3 days, filtered, distilled
from CaH2, and stored under inert atmosphere. Sample solutions in MeTHF were prepared
in a nitrogen-filled glove box at concentrations between 10−5 and 10−7 M. These samples
were kept under inert atmosphere. Low temperature spectra were recorded using an Oxford
Optistat CF continuous flow cryostat or an Oxford Optistat DN bath cryostat. Samples for
room temperature measurements in dichloromethane were prepared under ambient condi-
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tions. For photoluminescence spectra the optical density was less than 0.1.

UV/Vis and fluorescence spectra were recorded using a Perkin Elmer Lambda 900 and
an Edinburgh Instruments FS920 spectrophotometer, respectively. Fluorescence quantum
yields were determined by comparing the fluorescence intensity with those of suitable stan-
dards: 9,10-diphenylanthracene in cyclohexane for TMS-3EDOT and H-3EDOT, 2-amino-
pyridine in 0.1 N H2SO4 for TMS-2EDOT, and fluorescein in 0.1 M NaOH for the TMS-
4EDOT and TMS-5EDOT. Time-correlated single photon counting (TCSPC) experiments
were performed on an Edinburgh Instruments LifeSpec-PS spectrometer by photoexcita-
tion at 400 nm with a picosecond-pulse laser (PicoQuant PDL 800B) operated at 2.5 MHz
and using a Peltier-cooled Hamamatsu microchannel plate photomultiplier (R3809U-50) for
detection.

Phosphorescence was recorded using gated detection. A pulsed Nd:YAG laser (Surelite
II-10, Continuum, FWHM 4 ns, 10 Hz) was used for excitation combined with an optical
parametric oscillator (Panther OPO, Continuum) to tune the excitation energy. Spectra were
recorded with an intensified CCD camera (PI-MAX:1024HQ, Princeton Instruments) after
dispersion of the phosphorescent light by a spectrograph at delay times of >100 ns and gate
widths of 0.1-2 ms, to minimize residual fluorescence. All phosphorescence spectra were
smoothed (adjacent averaging). Phosphorescent lifetimes were determined by analyzing
the change in intensity upon changing the delay time.

Two different spectrometers were used to record PIA spectra. The first operated in the
nanosecond regime and used the same setup as employed for phosphorescence measure-
ments incorporating an additional tungsten-halogen lamp as a white-light probe. The probe
light transmission was recorded with (T ) and without pump laser (T0) using gated detection.
The difference between the two spectra afforded the PIA spectrum (−1T

T = −
(T−T0)

T0
)

The second spectrometer records near steady-state PIA by excitation of the sample with
a mechanically modulated (77 Hz) cw argon ion laser (tuned to a λex of 351 and 362 nm) and
measuring the change in transmission (1T ) of a tungsten-halogen white light probe beam
through the sample between 1.0 and 3.5 eV. Si and InGaAs detectors, and a phase sensitive
lock-in amplifier referenced to the modulation frequency were used to record1T after disper-
sion of the probe light in a monochromator. The excitation power was typically 30 mW with
a beam diameter of 2 mm. The PIA signal (−1T

T ) was corrected for the photoluminescence,
which was recorded in a separate experiment.

FT-Raman spectra were recorded on solid samples under ambient conditions using a
RFS/100 FT-Raman spectrometer containing a cw-Nd:YAG laser for excitation at 1064 nm
and a liquid N2-cooled InGaAs detector. The resolution was set to 2 cm−1 and the range was
set to 4000 cm−1 to 50 cm−1. Excitation power was kept between 30 and 50 mW. All spectra
were averaged between 100 and 1000 times.

FT-IR spectra were taken on KBr pellets using a Perkin Elmer Spectrum One FTIR spec-
trometer. All spectra were averaged about 50 times.
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Normal mode analysis and simulation of the IR and Raman spectra was performed us-
ing Gaussian03.206 The geometry of the EDOT oligomers in the ground state was optimized
using DFT at the B3LYP/6-31G* level. Using the optimized geometry, the normal mode
analysis was performed which yields the wavenumber (ν̃k), reduced mass (µk), and normal-
ized Cartesian displacement vectors (lik) for each atom for the set of k = 1, 2, · · · , 3N − 6
normal modes in non-linear molecules with N atoms.212

Following Wilson et al.,213 we can describe the displacements ui (with u running through
x, y and z) for each atom i with mass mi in the molecule in terms of the set of dimensionless
displacements Qk associated with normal modes labeled k as:

ui =
∑

k

lMWC,ik
√

mi

√
~
ωk

Qk (3.10)

where ωk = 2πν̃kc and lMWC,ik is an orthonormal set of vectors describing mass-weighted
Cartesian displacements for each atom i and normal mode k. The displacement vectors cal-
culated by Gaussian (lik) are closely related to the mass-weighted Cartesian displacements
(lMWC,ik) via lik = NklMWC,ik(mi )

−1/2. The Gaussian calculated displacements are not mass-
weighted and are normalized such that

∑3N
i (lik)

2
= 1. The square of normalization constant

Nk equals the reduced mass (µk) for the mode under consideration212 and hence:

ui =
∑

k

lik

√
~

µkωk
Qk (3.11)

From analysis of the fluorescence spectra one can determine the change in the geometry
in the excited state relative to the ground state, assuming that both geometries share the
same symmetry elements. The magnitude of the Huang-Rhys factor Sk for mode k is related
to the relative displacement 1Qk of the minimum on the harmonic potential energy well
associated with the normal mode k in the excited state relative to the minimum in the ground
state according to:

1Qk =
√

2Sk (3.12)

Using the last two relations the Cartesian displacements upon excitation of the minima
of the harmonic potential wells in the ground and excited state (1ui ) for each atom i were
calculated according to:

1ui =
∑

k

lik
√

2~Sk
√
µkωk

(3.13)





4
Delayed Fluorescence from Polythiophene

with Sub-S0-S1 Gap Excitation

Abstract

Delayed fluorescence (DF) of regio-irregular poly(3-hexylthiophene) (ir-P3HT) in the solid
state upon excitation with photon energies below the S0-S1 gap (1.9 eV) is reported. The
fluence (J ) dependence of the intensity of DF is proportional to J α with α ≥ 2 for excitation
photon energies Eex < 1.5 eV. For these sub-gap excitation energies, the observation of
prompt fluorescence with fluence dependence J α, α ≥ 2 implies the generation of excited
states via a multi-photon process. The ratio of the intensity of DF and PF is found to be
similar for excitation at 2.34 and 1.03 eV. These findings suggest that the DF for excitation
at 1.03 eV involves long-lived excited species that are formed out of a singlet excited state
populated via a two-photon absorption process. The nature of the long-lived excited states
involved in DF is not yet clear and may be either triplet states or geminate charge pairs.

59
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4.1 Introduction

Delayed fluorescence (DF) is the emission of a photon from the lowest excited singlet state
(S1) of a molecule, at a moment in time after pulsed excitation, that exceeds the normal S1

excited state lifetime, by an order of magnitude or more. It has been observed for a number of
molecular materials, including π -conjugated polymers. Its occurrence implies the presence
of long-lived excited states with a lifetime exceeding that of the S1 state that at some moment
during its lifetime is transformed into the S1 state. Study of delayed fluorescence can provide
useful information on photophysical processes in molecular solids.

Delayed fluorescence has been reported for a variety of π -conjugated polymers and
sophisticated experiments have been designed to elucidate the mechanism responsible for
this long-lived luminescence. Two different mechanisms are commonly called upon to explain
DF in π -conjugated polymers.

The first mechanism involves the lowest excited triplet state of the material as the long-
lived excitation. Triplet-triplet annihilation (TTA) occurring via diffusive encounter of two
triplet excitations can lead to generation of an excitation with singlet spin signature which
in turn can give rise to delayed fluorescence. This mechanism has been used to explain
DF in poly(phenylene vinylene) (PPV),67,68 poly(phenylene ethynylene) (PPE) derivatives,214

polyfluorene (PF) derivatives63–66 and in a ladder type polyphenylene (LPPP) (solution).44,49

In a second mechanism for DF, the long-lived excitation is assumed to be a (gemi-
nate) electron-hole pair. Recombination of the electron and the hole can give rise to re-
formation of an excited singlet state. This mechanism is used to explain DF in poly(3-methyl-
4-octylthiophene)50 and in ladder type polyphenylene.39,42,60–62 Experimental evidence in
favor of the charge pair mechanism comes from the observation of a strong influence of an
applied electric field on the delayed emission.

In a study on polyquinoxaline derivatives,45 Bässler and coworkers found that the charge
recombination mechanism is dominant when the quinoxaline units are directly linked via
covalent C-C bonds. In quinoxaline polymers where the units are linked via an ether func-
tionality, which reduces the conjugation between the units, both the TTA and the charge pair
mechanism where found to be operative.

Here, delayed fluorescence is studied in regio-irregular poly(3-hexylthiophene) (ir-P3HT),
which is a π -conjugated polymer that can be applied in opto electronic devices.7,9,215 The
question that will be addressed is whether DF can be induced via excitation with photons
having an energy below the S0-S1 gap of the polymer. In this case electronic excitation
of the polymer might occur via direct T1← S0 excitation and subsequent TTA may lead to
DF. This mechanism was found to be operative in crystals of oligothiophenes.18 On the
other hand, excitation of the polymer by sub-gap photons may also occur via two-photon
absorption (TPA). TPA will cause the formation of singlet excitons by simultaneously ab-
sorbing two exciting photons via a virtual intermediary state.216,217 By the virtue that two
photons are absorbed simultaneously, the selection rules for TPA are different than for lin-
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ear (one-photon) absorption. TPA has been reported for π -conjugated polymers.218–220 For
poly(3-alkylthiophene) (P3AT) the maximum of the lowest TPA absorption band is situated
0.6 eV above the singlet-singlet absorption edge.218,219,221 In the case of excitation via TPA,
delayed fluorescence may arise via the charge pair mechanism or possibly also via TTA.

4.1.1 Background

Relevant photophysical processes that may occur in polythiophene films are illustrated in
(Figure 4.1). As mentioned, the energy of the lowest excited singlet state (S1) is situated
approximately 1.9 eV above the ground state. First the focus will be on processes induced by
photons with an excitation energy above the S0-S1 gap. Illumination with these photons will
normally result in formation of an excited singlet state and inter-system crossing (ISC) from
the singlet to the triplet manifold can eventually yield the lowest triplet state (T1). Formally this
process is spin-forbidden but (oligo-)thiophenes are known for comparatively high ISC rates.
From the T1 state a dipole-allowed transition to a higher excited triplet level (Tn) is possible
for polythiophenes. This feature can be used to detect formation of triplet states. Thus, by
the use of quenching experiments, the energy of the lowest triplet state in P3AT derivatives
has been determined in solution by Janssen et al.19 to lie between 1.57 and 1.72 eV and to
be 1.65 eV by Monkman et al.222 In the solid state a red-shift of the triplet state band is to be
expected compared with the solution case. Using the value for the red-shift (0.4 eV) of the
singlet state upon going from solution to film for ir-P3HT as an estimate suggests a T1 state
energy of approximately ∼1.25 eV for ir-P3HT. This is in good agreement with the findings of
Köhler et al., who have reported a constant value of about ∼0.7 eV for the exchange energy,
i.e. the difference in energy between T1 and S1 excited state, in π -conjugated polymers.150

Using the exchange energy to estimate the T1 state energy (with S1 = 1.9 eV) results in
an approximate T1 energy for ir-P3HT of ∼1.2 eV, which is in good agreement with the first
estimate.

For a more quantitative discussion, the rate of decay of the triplet population may be
expressed as follows:

−
d[T1]

dt
= k(1)T [T1]+ k(2)TT [T1]2 (4.1)

where k(1)T is the decay constant for monomolecular decay, [T1] is the concentration of triplet
excitons and k(2)TT is the bimolecular decay constant describing TTA. This differential equation
is a well-known problem; it is of the form of the Verhulst equation:

dy
dt
= ay − by2 (4.2)

where y corresponds to [T1] and a and b to −k(1)T and k(2)TT , respectively. Applying the solution
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Figure 4.1 Schematic representation of relevant states and their known or estimated
energy levels as well as photophysical processes of ir-P3HT. PF, DF, ISC, TPA and TTA
denote prompt fluorescence, delayed fluorescence, inter-system crossing, two-photon
absorption and triplet-triplet annihilation, respectively.

of Verhulst to this particular case, the [T1] population at time t can be expresses as:

[T1](t) =
e−k(1)T t

1
n0
+

k(2)TT

k(1)T
(1− e−k(1)T t)

(4.3)

Here n0, denotes [T1] at t = 0 which can be interpreted as the number of T1 states formed
by the exciting pulse.

TTA may give rise to a re-population of the excited singlet state as described in the
following reaction sequence:

T1 + T1 −→ S1 + S0 The intensity of DF (IDF) can be expressed as:

IDF(t) ∝
d[S1](t)

dt
= k(2)TT([T1](t))2 (4.4)
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Figure 4.2 Predictions based on Equation 4.5 for the intensity of delayed fluorescence
integrated from time t1 to t2 as a function of n0 taking k1 = k2 = 1.

Using time gated detection the intensity of DF, integrated from time t1 to t2, can be measured:

IDF(t1, t2) ∝
∫ t2

t1
k(2)TT([T1](t))2 d t (4.5)

Equation 4.5 can be used to model the dependence of the intensity of DF (as moni-
tored using gated detection) on the concentration of n0. The results are illustrated in Figure
4.2. More precisely, Equation 4.5 is used to simulate the dependence of IDF on the excita-
tion fluence J , (assuming that n0 is proportional to J ) (Figure 4.2). This yields a quadratic
dependence (IDF ∝ J 2) in the limit of low excitation densities and short times after excitation.

At later times (and higher excitation densities) IDF shows a weaker fluence dependence
and saturation at high fluences. In addition, annihilation processes occurring before forma-
tion of the triplet state, e.g. singlet-singlet annihilation (SSA) may also influence the fluence
dependence. SSA may limit the built-up of the population of excited singlet states, which in
turn may influence the fluence dependence of IDF.

It has been postulated that out of a singlet exciton, a long-lived geminate charge pair
can be formed and the internal recombination of the charge pair can lead to re-formation of
the lowest excited singlet state. In this alternative mechanism for delayed fluorescence, only
monomolecular processes are involved and therefore, the dependence of IDF on J is in first
approximation expected to be linear (IDF ∝ J ).61

For excitation photon energies below the S0-S1 gap, triplet states might be formed by a
direct T1← S0 transition. The probability for such transitions is of course orders of magnitude
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lower than for the S1← S0 transition because of the spin selection rules. After direct T1← S0

excitation, TTA may lead to DF and in this case Equation 4.4 also applies; when considering
the dependence of IDF on the fluence. Thus, for this TTA-involving process as well, an
IDF ∝ J 2 dependence is expected. Since the primary excitations are in this case not S1, but
T1 excitations, no SSA processes can occur.

In the case of sub-gap excitation, two-photon absorption may lead to the formation of
an excited singlet state. For two-photon absorption to occur, the two light quanta must be
present almost at the same time at the site of excitation. Therefore, two-photon absorption
has an intrinsic J 2 dependence and thus, n0 ∝ J 2. After the creation of the excited singlet
state, DF may arise via the geminate pair mechanism leading to the prediction IDF ∝ J 2.
Alternatively, delayed fluorescence may also arise from TTA of T1 excitations formed out of
the primary two-photon excited S1 states via ISC. In this case one expects IDF ∝ J 4. Also,
a hybrid mechanism in which one triplet is formed via direct T1← S0 and another via two-
photon absorption may be envisaged, for which IDF ∝ J 3 is expected.

4.2 Results and Discussions

4.2.1 Absorption and Prompt Fluorescence of ir-P3HT

The electronic absorption spectrum of a drop cast film of ir-P3HT is shown in Figure 4.3.
At nearly 2 eV photon energy it features the S1← S0 absorption band. For comparison the
absorption spectrum of ir-P3HT in frozen 2-methyltetrahydrofuran (MeTHF) solution is also
shown. The latter spectrum shows some vibronic fine structure, and a progression based on
a vibrational mode with 0.18 eV energy may be discerned. In solution, the molar extinction
coefficient per monomeric unit at 80 K is εmax(2.34 eV) = 1.3×104 Lmol−1cm−1. In Figure
4.3 the instantaneous or so-called prompt fluorescence of the film of ir-P3HT recorded under
direct excitation (2.3 eV) is shown as well. The fluorescence shows some vibronic fine
structure and a ∼0.17 eV vibrational mode may be discerned, giving rise to three maxima
positioned at 1.86 eV (0-0 transition), 1.69 eV (0-1 transition) and 1.53 eV (0-2 transition).
From the intersection of the absorption curve and fluorescence trace the electronic excitation
energy of the S1 excited state is estimated as 1.9 eV.

4.2.2 Delayed Fluorescence of ir-P3HT

Using time-gated detection, prompt fluorescence (no delay after arrival of the peak of the
excitation pulse) and delayed fluorescence (∼10 ns and >100 ns delay) spectra have been
recorded at 80 K (Figure 4.4). The spectra pertain to drop cast films of ir-P3HT using different
excitation energies, collection times (gates) and delay times.

Using 2.34 eV photons for excitation PF and DF can be recorded readily. The DF and PF
spectra are very similar implying that the delayed luminescence indeed originates from the
S1 excited state. The small differences that are observed between the PF and DF spectra
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Figure 4.3 Absorption spectra of a film of ir-P3HT at room temperature (triangles)
and a frozen solution of ir-P3HT in MeTHF at 80 K (circles, concentration of monomeric
units 84 µM). Prompt fluorescence from the film upon excitation with 2.3 eV photons,
T = 80 K (squares).

may be explained in terms of disorder induced broadening of the density of S1 excited states
in the polymer.

Upon lowering the photon energy of the exciting photons below the S0-S1 gap (1.9 eV) PF
and DF can still be observed although the signal becomes weak and has to be accumulated
over a large number of excitation pulses.

4.2.3 Fluence Dependence of Delayed Fluorescence

The dependence on the fluence of the excitation beam of the delayed luminescence ob-
served provides more information on the nature of the mechanisms causing the delayed
luminescence. In general it is found that the intensity (I ) of DF and PF follows a power law
dependence on the fluence, J , (I ∝ J α) where the magnitude of the exponent α depends
on various parameters such as the energy of the exciting photon. Figure 4.5 illustrates the
fluence dependence of some of the luminescence signals observed. As expected, under
direct S1← S0 excitation (2.34 eV) the PF shows a linear fluence dependence at low excita-
tion densities. At higher densities, the fluence dependence is less strong indicating that the
singlet excitations can be quenched by photoinduced excitations and/or charge carriers.

The DF under direct S1← S0 excitation shows a similar fluence dependence with α close
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Figure 4.4 PF (no delay, dashed line) and DF (>100 ns delay, solid line) spectra for
different excitation photon energies Eex for films of ir-P3HT at 80 K. Spectra for different
Eex are offset for clarity. Spectral resolution 10 nm, except for DF at Eex = 1.03 eV:
20 nm resolution.

to 1 (Figure 4.5). This can be explained by the geminate pair mechanism where the delayed
fluorescence originates from a photoinduced charge pair that stems from a one-photon exci-
tation. Additionally, the DF may also originate from TTA, but in this explanation one is forced
to introduce an annihilation mechanism, in which the long-lived triplet or its precursor, the
singlet excitation, is quenched by another photoinduced species.

Using sub-gap excitation (1.3 eV) it is found that the fluence dependence of the PF is
much stronger (α ≈ 2.6) than in the case of direct S1← S0 excitation (Figure 4.5). This
provides a strong indication that the prompt fluorescence originates from multi-photon exci-
tation. Incidentally this also shows that the PF observed with sub-gap excitation, does not
originate from one-photon excitation induced by stray light with photon energy >1.9 eV. For
TPA one expects α = 2, which comes close to the experimental value, α ≈ 2.6.

The DF with sub-gap excitation (Figure 4.5) shows a fluence dependence which is very
similar to that of the PF with sub-gap excitation This indicates that the DF originates directly
from a single-singlet excitation induced by two-photon absorption e.g. via the geminate pair
mechanism.

The exponent α for the fluence dependence of the PF and DF has been measured for a
number of excitation photon energies. Results are summarized in Table 4.1 and are graphi-
cally represented in Figure 4.6.

Figure 4.6 and Table 4.1 reveal a correlation between excitation energy and the exponent
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Figure 4.5 Fluence dependence of the fluorescence of ir-P3HT films at 80 K detected
at 1.67 eV photon energy: PF with direct S1← S0 excitation (upper left, squares, J0
= 0.004 µJ), PF with sub-gap excitation (lower left, circles J0 = 4 µJ), DF with direct
excitation (upper right, up triangles, J0 = 0.006 µJ) and DF with sub-gap excitation
(lower right, down triangles, J0 = 36 µJ).

α of the fluence dependence. For photon energies exceeding the S0-S1 gap, fluence depen-
dencies close to 1 for both PF and DF are found (see above). For sub-gap excitation with
photon energies between 1.9 and 1.5 eV it is still found that α is close to unity. For sub-gap
excitation <1.5 eV exponents α are found >1 and in some cases even >2.

When examining the data in more detail, the fluence dependence measured may also
correlate with delay time used. An example is shown in Figure 4.6, top left, by a (dash-
dotted) arrow. In this case the excitation energy (1.48 eV) and fluence (36 µJ) are equal
and experiments only differ in the delay time and gate width. When increasing the delay
time from 15 ns to 5 µs and the gate width from 10 ns to 1 ms, the fluence dependence
decreases from ∼2.4 to ∼1.5. This may indicate that the long-lived excitations occurring in
the ns-µs time range are subject to a quenching reaction with another photoinduced species
(see section 4.1.1).
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Figure 4.6 Exponent α describing the fluence (J ) dependence of the fluorescence in-
tensity (I ∝ Jα) determined for various excitation photon energies Eex for ir-P3HT films.
The labels indicate the energy of the unattenuated excitation beam. PF, measured with-
out delay (top right), DF, 9-15 ns delay (bottom left) and DF after long delays (>100 ns,
bottom right). Top left: compilation of the other panels, labels are omitted for clarity. The
arrow indicates experiments that differ only in delay time.

Table 4.1 Exponents α describing the fluence dependence of the intensity,
I , of fluorescence from ir-P3HT films (I ∝ Jα), recorded for different photon
excitation energies Eex (eV), delay times, gate widths and pulse energies of
the unattenuated excitation beam J0 at T = 80 K with fluorescence detection
at 1.67 eV.

photon energy delay gate width J0 exponent α
(eV) (µs) (µs) (µJ)

2.34 0.068 0.005 0.6 0.8
2.34 0.085 0.01 0.6 0.8
2.34 0.2 1000 0.006 1.2
2.34 0.2 1000 0.07 0.7
1.81 0.079 0.005 16 1.0
1.55 0.079 0.005 24 1.1
1.48 0.2 1000 5 1.1
1.48 0.2 1000 16 1.9
1.41 0.2 1000 7 2.1
1.35 0.2 1000 11 2.7
1.30 0.068 0.005 36 2.6
1.30 0.085 0.01 36 2.4
1.30 5 1000 36 1.5
1.24 0.2 1000 4 2.5
1.03 0.066 0.005 85 2.8
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Figure 4.7 Intensity of fluorescence at 1.67 eV from an ir-P3HT film normalized to the
PF versus the delay time for fluorescence detection. Excitation photon energies Eex =
2.34 (circles) and 1.03 (crosses) eV. Gate widths used for detection of PF: 10 ns, for
DF: 1 ms. T = 80 K.

For two excitation photon energies, one above (2.34 eV) and one below (1.03 eV) the
S0-S1 gap, the luminescence intensity has been measured at different delay times and nor-
malized to the intensity of the PF (no delay) (Figure 4.7).

For both excitation photon energies, this normalized intensity follows the same time de-
pendence and the DF (>0.1 µs) is about 7 orders of magnitude less than the PF. This simi-
larity between the two time dependencies indicates that both direct excitation at 2.34 eV and
sub-gap excitation at 1.03 eV result primarily in singlet excitons. The relative importance of
the DF would have been expected to be much larger if T1← S0 excitation would occur at
1.03 eV, because the PF would be much less. Hence, excitation at 1.03 eV gives primarily
rise to singlet excited states, presumably via a two-photon process. Consistently, the 1.03 eV
photon energy used is below the expected S0-T1 gap (1.2 eV).

This experiment (Figure 4.7) does not tell directly whether the delayed fluorescence orig-
inates from geminate charge pairs formed out of the singlet excitation or via TTA of triplets
formed via inter-system crossing. In the latter case one expects a different fluence depen-
dence for PF and DF (α = 2 and 4 respectively) while the charge pair mechanism predicts
the fluence dependence of PF and DF to be the same (α = 2). The experimental observation
of a very similar fluence dependence for DF and PF, close to α = 2 (Figure 4.5) provides an
indication that the charge pair mechanism is operative.

The long-lived excitations that give rise to the DF may also be studied by photoinduced
absorption spectroscopy (PIA). Because of its much lower sensitivity in comparison with lumi-
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Figure 4.8 ss-PIA spectrum of ir-P3HT film at 80 K under inert atmosphere (exci-
tation photon energy 2.4 eV, power of excitation beam 30 mW, modulation frequency
ν = 275 Hz).

nescence measurements, PIA measurements are restricted to excitation at photon energies
above the S0-S1 gap. In Figure 4.8 the near steady-state PIA (ss-PIA) spectrum of a film
of ir-P3HT is shown. The spectrum shows a featureless transient absorption (1.20 eV) and
a structured bleaching band with a first peak at 2.00 eV. The bleaching band exhibits fine-
structure with an energy spacing of ∼160 meV, reminiscent of the well-known carbon-carbon
double bond stretching mode. The bleaching band largely resembles the low temperature
(80 K) UV/Vis spectrum. The spectrum shows very little photoinduced absorption in the
spectral region around 0.5 eV.

From studies involving chemical oxidation and reduction of polythiophene it is well known
that charge carriers on this polymer give rise to induced absorption bands near 0.5 eV.158

Therefore, the absence of any significant photoinduced absorption at 0.5 eV indicates that
(free) charge carriers are not the main long-lived excitation. The PIA absorption band ob-
served at 1.2 eV is commonly attributed to triplet excitations and the 1.2 eV absorption band
has been assigned as a Tn← T1 transition before.223 The dependence of the PIA signal
at 1.2 eV on the modulation frequency reveals that the triplets have a relatively long life-
time (0.03 ms). In conclusion, from PIA measurements, no direct support for the presence
of long-lived charge pairs could be obtained. This does, however, not exclude the charge
pair recombination mechanism because the relative efficiencies of triplets and charge pairs
in delayed generation of the singlet state have to be taken into account in estimating their
importance in the DF process.
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4.3 Conclusion

Delayed fluorescence of regio-irregular poly(3-hexylthiophene) has been observed using ex-
citation photon energies below the S0-S1 gap. Measurements of the prompt fluorescence
upon excitation with sub-gap photons reveals that the lowest excited singlet state (S1) is
generated via multi-photon processes. The comparison of the relative intensities of DF and
PF using photon energies below and above the S0-S1 gap indicates that the delayed fluo-
rescence upon sub-gap excitation originates mainly from long-lived excitations formed out of
singlet excited states populated via two-photon absorption. In general two-photon processes
allow one to access excited states that can normally not be populated selectively by linear
absorption processes because of their different selection rules. An intriguing question is
whether the states populated via two-photon absorption show photophysical behavior such
as charge generation efficiency that differs from the S1 excited state that can be accessed
via linear absorption. The present study shows that delayed fluorescence measurements
can be a tool to investigate the photophysical behavior of states accessed via multi-photon
processes.

Experimental Part

The synthesis of ir-P3HT (Mw = 175 kDa) has been performed according to published meth-
ods.224,225 2-Methyltetrahydrofuran (MeTHF) was pre-dried over KOH for 3 days, filtered,
distilled from CaH2, and stored under inert nitrogen atmosphere.

Sample solutions were prepared in nitrogen-filled glove box using dry MeTHF. Film sam-
ples were drop cast from saturated polymer solutions in MeTHF under ambient conditions.

During the spectroscopic experiments, samples were held at 80 K under nitrogen at-
mosphere using an Oxford Optistat CF continuous flow cryostat or an Oxford Optistat DN
bath cryostat. All solutions were kept under inert atmosphere during measurements.

UV/Vis spectra were recorded using a Perkin-Elmer Lambda 900 spectrophotometer.

Fluorescence spectra were recorded using time-gated detection. A pulsed Nd:YAG laser
(Surelite II-10, Continuum, FWHM 4 ns, 10 Hz) was used for excitation combined with an
optical parametric oscillator (Panther OPO, Continuum) to tune the excitation energy. The
excitation beam was focused onto the sample to a spot size ∼0.01 cm2. Fluorescence spec-
tra were recorded with an intensified CCD camera (PI-MAX:1024HQ, Princeton Instruments)
after dispersion of the incident light by a spectrograph. The effective spectral resolution in
the spectra shown is 10 nm unless stated otherwise. DF was usually recorded using delays
of >100 ns in order to minimize residual PF. In the case of sub-gap excitation, BG24 and
cut-off filters (λ > 700 nm) were placed in the excitation beam to suppress any residual 355
and 532 nm emission of the Nd:YAG laser. The fluence dependence of the fluorescence
signal was determined by attenuating the excitation beam with neutral density filters.



72 Experimental Part

The near steady-state PIA spectra were recorded by exciting the sample with a mechan-
ically modulated (77 Hz) cw argon ion laser (2.4 eV) and measuring the change in transmis-
sion (1T ) of a tungsten-halogen white light probe beam through the sample between 0.25
and 3.5 eV. Si, InGaAs and (liquid nitrogen cooled) InSb detectors and a phase sensitive
lock-in amplifier referenced to the modulation frequency were used to record 1T after dis-
persion of the probe light in a monochromator. The excitation power was typically 30 mW with
a beam diameter of 2 mm. The PIA signal (−1T

T ) was corrected for the photoluminescence,
which was recorded in a separate experiment. From the dependence of the PIA signal on
the modulation frequency ν, an estimate of the lifetime (τ ) of the long-lived excitations can
be obtained assuming an exponential decay, using the relation 1T (ν) = cτ(1+ (2πντ)2)−1/2

where c is a constant.







5
Length dependence in the Singlet and Triplet

Excited States of Oligofluorenes∗

Abstract

Using time-resolved photoluminescence and excited-state absorption spectroscopy the chain
length dependence of the energies of the singlet (S1) and triplet (T1 and Tn) excited states
of a homologous series of π -conjugated 9,9-dihexylfluorene-2,7-diyl oligomers (nF, n = 1, 3,
5, 7, ∼50) in frozen solution has been investigated. The energies of the optical transitions in
absorption, fluorescence, phosphorescence, and triplet-triplet absorption initially decrease
linearly with the reciprocal number of repeat units, but saturate at n > 5. The saturation and
dispersion of the optical transition energies indicate that the T1 state is only slightly more
confined than the S1 state.

∗ D. Wasserberg, S. P. Dudek, S. C. J. Meskers, R. A. J. Janssen, Chem. Phys. Lett. 2005, 411(1-3), 273-277.
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5.1 Introduction

Extensive research on π -conjugated materials in recent decades has provided deep in-
sight into their photophysical properties that are fundamental to the functioning of polymer
light-emitting and photovoltaic diodes. Compared to traditional inorganic semi-conductors,
a unique feature of organic and polymer semi-conductors is the large exchange energy
that positions the lowest triplet-excited (T1) state well below the lowest singlet-excited (S1)
state.150,226 The T1 energy, i.e. the most basic feature of the T1 state, has long been elusive
because most π -conjugated polymers do not phosphoresce. Nonetheless, knowledge of the
triplet energy is especially important to the design and use of π -conjugated polymers that act
as host materials in light-emitting diodes based on phosphorescent dyes.89 Only when the
triplet energy of the host is higher than that of the emitter, high luminances can be expected.
Hence, triplet energies have been estimated using selective sensitization or quenching tech-
niques.48 Noticeable exceptions to the lack of phosphorescence of π -conjugated polymers
are ladder type derivatives of poly-p-phenylene. This was first shown by Bässler et al. who
used pulsed excitation with gated detection to determine the T1 energy unambiguously via a
direct spectroscopic measurement.14,43

5-Conjugated oligomers with well-defined chain lengths offer a unique possibility to study
photophysical and electrochemical properties as a function of conjugation length and have
strongly contributed to the present understanding of conjugated systems.169 Using well-
defined oligofluorenes34,36,189 and recording their phosphorescence spectra, the triplet en-
ergy as function of the conjugation length can be directly determined. Thus, this chapter
describes the first systematic experimental study of the energies of the lowest singlet and
triplet states of a series of 9,9-dihexylfluorene-2,7-diyl oligomers (nF, n = 1, 3, 5, 7, ∼50) and
addresses the evolution of these energies from monomer to polymer.

5.2 Results and Discussions

5.2.1 UV/Vis Absorption and Fluorescence - The Ground and First Excited Singlet
State

The UV/Vis absorption and steady-state fluorescence spectra of nFs in frozen MeTHF at
80 K are shown in Figure 5.1.

Both the absorption (S1← S0) and fluorescence (S1 →S0) spectra exhibit a clear 0-0
transition and a vibronic progression with 0.16±0.01 eV energy spacing, characteristic for
modes related to C=C and C-C stretch vibrations of conjugated systems. At room temper-
ature the absorption spectra of the nFs show no vibronic resolution34,36 and this difference
is attributed to reduced conformational disorder of the inter-ring dihedral angles between the
repeat units at low temperature. The increased planarity at low temperatures also causes a
red shift of the spectra compared to those at room temperature. Likewise, the Stokes shift
of the fluorescence (0.07±0.02 eV for n ≥ 3) is relatively small. For 1F the Stokes shift is
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Figure 5.1 UV/Vis absorption and steady-state fluorescence spectra of nFs in frozen
MeTHF at 80 K.

negligible, consistent with the lack of conformational freedom. The fluorescence lifetimes
decrease from ∼0.8 ns for 1F and 3F to ∼0.5 ns for PF, the time traces of nF n ≥ 3 are
shown in Figure 5.2.

5.2.2 Phosphorescence - Delayed Emission from the Lowest Excited Triplet State

The phosphorescence (T1→ S0) spectra of the nFs at 80 K recorded at fixed time delays
after the laser pulse are shown in Figure 5.3.

The spectra continuously shift to lower energies with increasing conjugation length. The
vibronic progression with an energy spacing of 0.16±0.01 eV is the same as observed in
the fluorescence spectra. The phosphorescence spectra for n ≥ 3 are almost identical in
shape and exhibit two pronounced peaks and a shoulder at lower energy. Similar to the
fluorescence, the relative intensity of the 0-0 transition gains importance with increasing
conjugation length. The relative intensity of the vibronic transitions is related to the Huang-
Rhys parameter S via In = Sne−S/n!. Furthermore, the vibronic transition intensity is also
related to the relaxation energy (Erel) in the excited state as Erel = Sν̃, with ν̃ the energy of
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Figure 5.2 Decay traces of singlet emission of nFs in frozen MeTHF solutions un-
der N2 atmosphere and at 78 K obtained from time-correlated single photon counting
(TCSPC).

the associated vibrational mode. An increasing intensity of the 0-0 band relative to the higher
vibrational bands with length of the oligomers lowers S, and thus Erel, and can be interpreted
as an indication that the geometry relaxation between the ground (S0) and excited (S1 and
T1) states becomes less for oligomers with longer conjugation lengths. This is consistent
with the increased delocalization of the excited state wavefunction for longer oligomers in
both the S1 and T1 states inferred from the continuous red shift of the spectra.

The 0-0 vibronic bands in the phosphorescence (T1 → S0) spectra provide the ener-
gies of T1 states under these conditions (Table 5.1) and show that there is a distinct red
shift with increasing conjugation length. The T1 energy of 1F (2.86 eV) agrees reason-
ably well with the values of 2.90 eV227 and 2.67 eV228 reported for fluorene (i.e. 1F with
hydrogen atoms instead of hexyl groups at the 9-position) at room temperature. The T1

energy for the PF polymer (2.11 eV) is similar to T1 energies reported for other poly(9,9-
dialkylfluorene-2,7-diyl)s in MeTHF (2.18 eV) and in thin films (2.10–2.15 eV) at cryogenic
temperatures.43,229,230 At room temperature, selective triplet sensitization/quenching studies
of poly(9,9-dioctylfluorene-2,7-diyl) in benzene provided an estimate of 2.30 eV for the T1

energy.48

5.2.3 Triplet Triplet Absorption - Higher Excited Triplet States

The Tn← T1 absorption spectra of the nFs were measured using two different setups. In the
first method near steady state PIA was employed, involving mechanically modulated laser
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Figure 5.3 Phosphorescence spectra of nFs in frozen MeTHF at 80 K.

excitation. The results of these measurements are shown in Figure 5.4 (line and symbol).

Even with as slow as feasible modulation (77 Hz), the PIA signal exhibited a 90 degree
phase difference with the excitation. This indicates that the lifetimes of the triplet states
greatly exceed the modulation time (13 ms), consistent with reported lifetimes in the order of
1 s for PF.43 The Tn← T1 transition energies are collected in Table 5.1. For n ≥ 5 the Tn←

T1 spectral features are very similar and one distinct peak is observed.

In the second method, PIA spectra were recorded using pulsed (FWHM 4 ns) laser ex-
citation and gated detection of continuous white probe light (Figure 5.4, solid line). These
spectra are in good agreement with those determined by the near steady state PIA tech-
nique. The positions of the distinct peaks in the transient Tn← T1 absorption spectra deviate
less than 0.02 eV from those with the near steady state technique (Table 5.1).

The spectrum for 1F (maximum at 3.15 eV) is consistent with spectra previously reported
for fluorene where the maximum absorption was identified at 3.20–3.31 eV.231–233 The 0-0
transition of the Tn← T1 absorption was identified for the 1F spectrum as the shoulder at
2.98 eV.232 The spectral shape and Tn← T1 energy for PF (1.44–1.46 eV) is in excellent
agreement with previous reports on related poly(9,9-dialkylfluorene-2,7-diyl)s (Tn ← T1 at
1.43 eV234,235 and 1.51–1.52 eV76,236).
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Figure 5.4 Triplet-triplet (Tn← T1) absorption spectra of nFs in frozen MeTHF at 80 K
recorded with steady state PIA (line and symbol) and nanosecond transient PIA (solid
lines). 1F could not be excited at the excitation wavelength of 351 and 362 nm available
in the steady state PIA, hence, only the nanosecond transient PIA spectrum is shown
for 1F.

Table 5.1 Transition energies (eV) and singlet-excited state lifetimes (ns) of oligo-
fluorenes.

Compound S1← Sa
0 S1→Sa

0 T1→Sa
0 Tn← Ta,b

1 τ (S1)
(eV) (eV) (eV) (eV) (ns)

1F 4.08 4.08 2.86 2.98/ - 0.80
3F 3.22 3.13 2.25 1.85/1.86 0.83
5F 3.04 2.97 2.18 1.58/1.58 0.56
7F 2.99 2.94 2.16 1.52/1.52 0.51
PF 2.96 2.88 2.11 1.46/1.44 0.48
a Energies of the 0-0 vibronic. b First value is from nanosecond PIA, second value from
steady state PIA.
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5.2.4 Length Dependence of Singlet and Triplet State Energies

Figure 5.5 shows for all nFs the energies of the various optical transitions versus the recip-
rocal number of repeat units (1/n).
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Figure 5.5 Energies of the S1← S0, S1→S0, T1→S0 and Tn← T1 transitions for nFs
as function of the reciprocal number of repeat units (1/n). The lines are fits of the data
to Equation 5.1.

The conjugation length dependence of the transition energies of this series of oligo-
fluorenes is almost linear with 1/n for the shorter oligomers (n = 1–5), but saturates for longer
compounds. An empirical relation (Equation 5.1) can be used to fit the transition energies
En of oligomers to the conjugation length n:38

En = E∞ + [E1 − E∞]e−a(n−1) (5.1)

where n is the number of repeat units, E1 the energy of monomer, E∞ the energy at the limit
of infinite length, while a represents a parameter related to how fast saturation is reached,
higher values of a representing faster saturation. The explanation of this empirical formula
has recently been provided in terms of intrinsic length scales (electron-hole distances) and
extrinsic length scales set by disorder.237 The fits to Equation 5.1 are shown in Figure 5.5 as
solid lines and the fit parameters are listed in Table 5.2.
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Table 5.2 Parameters a and E∞ (eV) describing the
conjugation length dependence of transition energies ac-
cording to Equation 5.1.

Transition a E∞
(eV)

S1← S0 0.74 2.97
S1→S0 0.82 2.91
T1→S0 0.91 2.14
Tn← T1 0.67a 1.47a

a Obtained from the average numbers
listed in Table 5.1.

By means of these fits, the convergence of the excited state energies with increasing n
can now be described more quantitatively. The saturation parameter a is slightly higher for
phosphorescence than for fluorescence, indicating that the T1 state is more confined than
the S1 state. This is also reflected in the fact that the difference E1 − E∞, i.e. the total
dispersion of the excited-state energy, is less for T1 (0.72 eV) than for S1 (1.17 eV). The
energy dispersion and the a of the Tn←T1 absorption indicate that the Tn state is more
delocalized than T1 and S1. The exchange energy 1EST (i.e. the energy difference between
S1 and T1) shows only a moderate dispersion with chain length: for F1 1EST = 1.22 eV and
for PF 1EST = 0.77 eV.

5.3 Summary and Conclusion

The results presented here provide the first detailed experimental insight in the conjugation
length dependence of the lowest singlet and triplet states of a series of oligofluorenes from
monomer to polymer. The energies of all optical transitions studied (S1← S0, S1→ S0, T1→

S0, and Tn←T1) decrease linearly with the reciprocal number of repeat units until they start
to saturate at approximately n > 5, corresponding to more than ten aromatic units. For the T1

state, the dispersion of the energy with chain length is less than for S1 and Tn and it saturates
at slightly shorter conjugation lengths.

Experimental Part

The syntheses of oligo(9,9-dihexyloligofluorene-2,7-diyl)s (nF, n = 1, 3, 5, 7) and poly(9,9-
dihexyloligofluorene-2,7-diyl) PF with (n ≈ 50) were performed analogous to published meth-
ods.36 The compounds were carefully purified by column chromatography. 2-Methyltetra-
hydrofuran (MeTHF) was pre-dried over KOH for 3 days, filtered, distilled from CaH2, and
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stored under inert atmosphere. Sample solutions were prepared in a nitrogen glove box at
concentrations between 10−7 and 10−5 M for the different experiments. For fluorescence
studies the optical density was less than 0.1. All samples were kept under inert atmosphere.
During all spectroscopic experiments, samples were held at ≤ 80 K using an Oxford Optistat
CF continuous flow cryostat or an Oxford Optistat DN bath cryostat.

UV/Vis and fluorescence spectra were recorded using a Perkin Elmer Lambda 900 and
an Edinburgh Instruments FS920 spectrophotometer, respectively. Time-correlated single
photon counting (TCSPC) photoluminescence was performed on an Edinburgh Instruments
LifeSpec-PS spectrometer by photoexcitation at 400 nm with a picosecond laser (PicoQuant
PDL 800B) operated at 2.5 MHz and using a Peltier-cooled Hamamatsu microchannel plate
photomultiplier (R3809U-50) for detection. For 1F (which could not be excited at 400 nm
in the TCSPC spectrometer), FWHM 4 ns excitation at 310 nm and detection with different
delay times (1–17 ns) was used to determine the lifetime.

Phosphorescence was recorded using gated detection. A pulsed Nd:YAG laser (Surelite
II-10, Continuum, FWHM 4 ns, 10 Hz) was used for excitation combined with an optical
parametric oscillator (Panther OPO, Continuum) to tune the excitation energy. Spectra were
recorded with an intensified CCD camera (PI-MAX:1024HQ, Princeton Instruments) after
dispersion of the phosphorescent light by a spectrograph at delay times of >100 ns and gate
widths of 0.1–20 ms, to minimize residual fluorescence. All phosphorescence spectra were
smoothed (adjacent averaging) to reduce noise levels.

Two different methods were used for photoinduced absorption (PIA) spectroscopy. The
first operated in the nanosecond regime and used the same setup as employed for phospho-
rescence measurements incorporating an additional tungsten-halogen lamp as a white-light
probe. The probe light transmission was recorded with (T ) and without pump laser (T0) us-
ing gated detection. The difference between the two spectra divided by T0 afforded the PIA
spectrum (−1T

T =
T−T0

T0
)

For the second method, near steady-state PIA spectra were recorded by excitation of the
sample with a mechanically modulated (77 Hz) cw argon ion laser (351 and 362 nm) and
measuring the change in transmission (1T ) of a tungsten-halogen white light probe beam
through the sample between 1.0 and 3.5 eV. Si and InGaAs detectors, and a phase sensitive
lock-in amplifier referenced to the modulation frequency were used to record1T after disper-
sion of the probe light in a monochromator. The excitation power was typically 50 mW with
a beam diameter of 2 mm. The PIA signal (−1T

T ) was corrected for the photoluminescence,
which was recorded in a separate experiment.
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Triplet Exciton Diffusion of Phosphorescent

Dopants in Polymer Matrices

Abstract

Thin film samples of two green-emitting phosphors fac-tris[2-(4’-tert-butyl phenyl) pyridinato]
iridium (Ir(tBu-ppy)3) and bis(2-phenylpyridinato)-3-(3-(tBoc-amino) propoxy) picolinato irid-
ium, (Ir(ppy)2(R-pic)) blended in three different polymeric host matrices, polystyrene (PS),
poly(9-vinylcarbazole) (PVK) and an all-meta connected co-polymer of 9,9’-didecyl-[3,3’]-
bicarbazole and 2,5-diphenyl-[1,3,4]-oxadiazole (coC) are investigated. Time-correlated flu-
orescence spectroscopy is used to study triplet exciton diffusion by comparing the decay ki-
netics of samples with and without a non-emissive triplet quencher ([2,2’;5’,2”]terthiophene,
3T) at different temperatures. The resulting diffusion coefficient DT is determined to be small
at 300 K (1×10−9 cm2s−1) for both emitters blended into coC, which is the polymer with the
lowest diffusion barrier where triplet excitons are expected to be most mobile. It turns out that
the average free path length as estimated from DT is less than a nanometer and therefore
shorter than the average distance between two dyes. Thus, triplet exciton diffusion via the
host matrix is not significant for any of the samples studied here and can easily be prevented
by a prudent choice of host materials.
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6.1 Introduction

When the first observation of electroluminescence (EL) of an organic material was reported
in 19634 it did not excite much interest at that time due to the requirement of high drive
voltages. However, since the late 1980’s, when an organic light-emitting diode (OLED) with
a low drive voltage was reported,5 the field of OLEDs has become ever more active, until
today when OLEDs are being commercialized in first products. Through the use of polymeric
materials,6 solution processing techniques, such as spin coating and inkjet printing, can be
used, which allow for manufacturing these devices at low cost and in large areas.

One property of organic and polymer electroluminescence that still presents problems
is related to the fact that charges injected into an organic or polymer semi-conductor from
the electrodes or charge transport layers, can recombine into singlet as well as into triplet
excitons.238 Statistically, formation of triplet excitons is favored over singlet excitons by a
factor of three, although exceptions to this statistical distribution have been reported (see
Preface). Since radiative emission from the triplet state in common organic semi-conductors
is negligible, the formation of triplets represents a significant energy loss channel.

To overcome this restriction, triplet emitters, usually transition metal complexes, have
been employed.88,89,239 These triplet emitters can harvest both singlet and triplet excitons,
and provided they have a high quantum yield for phosphorescence it is possible to approach
the theoretical limit of 100% internal quantum efficiency.91,92

The commercialization of phosphorescent OLEDs and PLEDs in e.g. full color flexible
displays or lighting applications calls for rationally designed and optimized structures, which
requires intimate knowledge of the processes involved in such a device. One issue that
needs to be addressed is the migration of triplet excitons through a device doped with phos-
phorescent emitters. Triplet exciton diffusion can affect the efficiency and color properties of
OLEDs.

Exciton diffusion has been studied in organic materials for singlet240 and triplet exci-
tons.238 Early work addressed triplet diffusion in organic molecular crystals, disordered
solids, and polymers comprising simple aromatic molecules such as naphthalene, anthra-
cene, and carbazole.241–247 These molecules have a strongly spin-forbidden transition be-
tween the singlet ground state (S0) and the first triplet state (T1). Hence, the diffusion of triplet
excitons can only occur via direct electron exchange (Dexter mechanism), which does not
rely on the transition dipole moment but requires orbital overlap and scales with the square
of the exchange interaction energy between the two molecules.248,249 More recently, triplet
energy diffusion via the Dexter mechanism has been studied in tris(8-hydroxyquinoline) alu-
minum (Alq3, triplet diffusion coefficient DT = 8×10−8 cm2s−1)250 and in 4,4’-N,N’-dicarbazole
biphenyl (CBP, DT = 1.4×10−8 cm2s−1)135 in relation to the performance of light-emitting
diodes, and in tetra-p-octylphenylporphyrin (H2TOPP) for use in organic solar cells.251 Triplet
exciton diffusion in organic materials may result in the appearance of delayed fluorescence
when two triplet excitons annihilate and form a singlet excited state (T1 + T1 −→ S1 + S0).
This process has received considerable interest in π -conjugated polymers.44,63



6 Triplet Exciton Diffusion of Phosphors in Polymer Matrices 87

For phosphorescent organometallic compounds, the triplet state is radiatively coupled to
the ground state and therefore has a non-negligible transition dipole moment for the T1← S0

transition. For strongly phosphorescent molecules, triplet energy can also be transferred via
coupling of transition dipoles (Förster mechanism).252 Recent examples of Förster triplet
energy transfer for phosphorescent molecules were established for palladium tetrakis(4-
carboxyphenyl) porphyrin layers (diffusion coefficient DT = 8×10−7 cm2s−1)253,254 and for
tris(2,2’-bipyridine)ruthenium(II) units grafted on a polymer chain (DT = 2×10−5 cm2s−1).136

In contrast, however, the distance dependence of triplet exciton diffusion in iridium-cored
dendrimers has been found to be consistent with the exchange mechanism.255

Application of triplet diffusion processes allows making OLEDs with excellent perfor-
mance, e.g. multilayer white light OLEDs (WOLEDs) have been realized in which the emis-
sion colors of three distinct emission layers/centers are balanced by tuning internal diffusion
processes to emit white light.121,123,125 On the other hand, triplet exciton diffusion can also
be unfavorable as it may lead to triplet-triplet annihilation255,256 or to concentration quenching
of the phosphorescence as found for iridium complexes in a CBP host.130

Several studies address the process of triplet exciton confinement in guest:host sys-
tems. Triplet confinement in relation to the energy difference between the triplet levels of
various iridium guests and that of polymeric (poly(9-vinylcarbazole) (PVK) vs. poly(9,9-
dioctylfluorene) (PF))131,132 and small molecule hosts (CBP vs. 4,4’-N,N’-dicarbazolyl-2,2’-
dimethyl biphenyl (CDBP)) have been investigated.134 It was shown that triplet excitons can
be confined to the guest if the triplet state of the dopant has a lower energy than that of the
host. Such confinement generally results in an increase in efficiency of the electrophospho-
rescent devices. For co-polymers, in which the phosphorescent guest molecule is covalently
linked to the host polymer, it was found that introducing a non-conjugative, long methylene
spacer reduces the triplet energy back transfer from guest to host when their triplet energies
are similar. The synthesis of polymer hosts that combine good charge injection and transport
with high-energy triplet levels has been demonstrated recently.257,258

In this chapter, the diffusion of triplet excitons of phosphorescent guest molecules through
a polymeric host material is studied. To this end phosphorescent iridium dyes are blended
into thin films of polymeric hosts. Figure 6.1 gives an impression of energy levels and pos-
sible transitions in blends of a triplet emitter (and a quencher) in a polymeric host. In such a
sample, triplet excitons on the phosphorescent guest are not necessarily confined and diffu-
sion may occur. In fact, it was recently shown that luminescent concentration quenching in a
phosphorescent iridium complex embedded in a host film is controlled by dipole-dipole deac-
tivating interactions.130 The same Förster mechanism can be responsible for direct transfer
of triplet energy between guest molecules.

However, apart from this direct transfer it is also possible that triplet diffusion occurs via
an indirect mechanism, involving the triplet energy level of the matrix. In this case thermal
excitation of the triplet state of the guest can populate the triplet state of the host, followed
by triplet diffusion via electron exchange and, eventually, localization of the triplet state on
another phosphorescent guest.
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Neither emission nor lifetime measurements reveal this process in a simple experiment,
but when an additional quencher, with a triplet energy level below that of the emitter and the
host is introduced in the blend, then triplet excitons can become trapped at the quencher
during the diffusion process. Both the phosphorescent intensity and lifetime of the emitter
are expected to decrease in the presence of the quencher when compared with a blend
containing only triplet emitter (Figure 6.1). To probe selectively diffusion via the matrix, the
quencher molecule should have a negligible T1← S0 absorption such that it can only acquire
triplet state energy by electron exchange (Dexter).
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Figure 6.1 Diagram of energy levels and possible transitions in a blend of a polymeric
host, phosphorescent guest and quencher.

In the actual experiment, two green-emitting phosphors fac-tris[2-(4’-tert-butyl
phenyl) pyridinato] iridium (Ir(tBu-ppy)3) with an energy level of the emissive triplet state,
E(T1), of 2.38 eV and bis(2-phenylpyridinato)-3-(3-(tBoc-amino) propoxy) picolinato iridium,
(Ir(ppy)2(R-pic), E(T1) = 2.43 eV) were chosen.

All relevant structures are displayed in Figure 6.2. Polymeric hosts were selected to have
different triplet energy levels: polystyrene (PS, E(T1) = 3.9 eV)259 poly(9-vinylcarbazole)
(PVK, E(T1 = 2.7 eV)260 and an all-meta connected co-polymer of 9,9’-didecyl-[3,3’]-bicarba-
zolyl and 2,5-diphenyl-[1,3,4]-oxadiazole (coC, E(T1) = 2.6 eV).257 Both PVK and coC have
triplet energy levels that are only slightly higher that that of Ir(tBu-ppy)3 and Ir(ppy)2(R-pic).
As a quencher [2,2’;5’,2”]terthiophene (3T) was used, which has a triplet energy (E(T1) =
1.82 eV)22 far below those of all hosts and dopants, and shows negligible absorbances to
the 3(π − π*) state.

6.2 Results and Discussions

As a first step, the quencher 3T (Figure 6.2), must be shown to actually quench both triplet
emitters. This is done in solution at room temperature and the results are shown below.
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Figure 6.2 Chemical structures of compounds used in this study.

6.2.1 Quenching of Triplet Emitters in Solution

The steady state emission and excitation spectra, as well as time-correlated single photon
counting (TCSPC) traces, taken at room temperature in solution of the two green iridium
dyes, Ir(tBu-ppy)3 and Ir(ppy)2(R-pic), with and without 3T as quencher are shown in Figure
6.3.

The excitation spectrum (up-triangles, Figure 6.3, top left) of Ir(ppy)2(R-pic) shows two
low intensity bands at 450 nm and 485 nm that have previously in similar compounds been
assigned to triplet metal-to-ligand charge transfer (3MLCT) transitions.103,261 The emission
spectrum (squares) possesses an onset of 490 nm and two bands at 510 nm and 540 nm. It
likely originates from the 3MLCT state, since it shows a modest Stokes shift with respect to
the lowest-energy band in the excitation spectrum and is featureless and long-lived, consis-
tent with a triplet MLCT transition.

Excitation and emission spectra of the second dye, Ir(tBu-ppy)3, are shown in Figure 6.3,
top right. Two 3MLCT bands of this complex are situated at 460 nm and 490 nm. The onset of
the emission spectrum is situated at 500 nm and two emission bands, at 520 nm and 540 nm,
arising from the 3MLCT state,106,262 can be discerned. Ir(tBu-ppy)3 shows an energy level of
the lowest triplet state of 2.38 eV which is slightly lower than that of Ir(ppy)2(R-pic) at 2.43 eV.
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Figure 6.3 Top: Steady state emission (squares and circles, λex left: 440 nm, right:
450 nm) and excitation (up triangle and down triangle λem left: 535 nm, right: 550 nm)
spectra recorded of left: 0.1 mM solution of Ir(ppy)2(R-pic) (squares and up triangles)
and 0.1 mM solution of Ir(ppy)2(R-pic) mixed with 5 mM 3T (circles and down triangles)
in chlorobenzene and right: 1 mM solution of Ir(tBu-ppy)3 (squares and up triangles)
and 1 mM solution of Ir(tBu-ppy)3 mixed with 1 mM 3T (circles and down triangles)
in MeTHF at room temperature under inert atmosphere. Bottom: luminescence de-
cay traces of left: 0.1 mM solutions of Ir(ppy)2R-pic) (squares) and 0.1 mM solution of
Ir(ppy)2(R-pic) mixed with 5 mM 3T (triangles) in chlorobenzene right: 1 mM solutions
of Ir(tBu-ppy)3 (squares) and 1 mM solution of Ir(tBu-ppy)3 mixed with 1 mM 3T (tri-
angles) in MeTHF monitored at 535 nm, λex 400 nm, under inert atmosphere at room
temperature.

The phosphorescence of Ir(ppy)2(R-pic), dissolved in chlorobenzene, is significantly
quenched by the addition of 3T (5 mM) (Figure 6.3). The phosphorescence intensity is
quenched by a factor Q = 2.5±0.5, while the lifetime is reduced by Q = 3.7, in fair agree-
ment with each other. Under these conditions, energy transfer occurs with a rate constant
of ken = (τ

−1
Q − τ

−1
0 )/[3T] = 2.8×109 Lmol−1s−1 (Table 6.1) that is close to the diffusion limit

in this solvent, which has been estimated as kdiff = 8.7×109 Lmol−1s−1 in chlorobenzene de-
rived from the Debye equation263 (kdiff =

8000 RT
3η ) with the viscosity η = 0.758×10−3 Pa×s of

chlorobenzene at 298 K.264
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Table 6.1 Lifetimes, τ (µs), concentrations of 3T, [3T] (M) and the rate constant of energy
transfer, ken (×10−6 Lmol −1s−1) of thin films of iridium dyes and mixtures of iridium dyes
and 3T blended in PS, PVK and coC matrices at 80 and 300 K and of Ir(ppy)2(R-pic) and
Ir(tBu-ppy)3 and their mixtures with 3T in solution at room temperature.

Sample [3T] τ (pure iridium dye)a τ (mixture)a ka
en

(M) (µs) (µs) (×10−6 Lmol−1s−1)

Ir(ppy)2(R-pic), RT

chlorobenzene 0.005 0.191 0.0517 2400

Ir(tBu-ppy)3, RT

MeTHF 0.001 1.73 0.229 3790

Ir(ppy)2(R-pic), 80 K

PS 0.18 2.35 0.484 9.11
PVK 0.19 1.91 0.432 9.43
coC 0.19 1.56 0.311 13.5

Ir(ppy)2(R-pic), 300 K

PS 0.18 1.84 0.468 8.85
PVK 0.19 1.9 0.4 10.4
coC 0.19 1.41 0.62 4.76

Ir(tBu-ppy)3, 80 K

PS 0.18 1.98 0.401 11
PVK 0.15 1.58 0.389 12.9
coC 0.19 2.05 0.621 5.9

Ir(tBu-ppy)3, 300 K

PS 0.18 1.26 0.23 19.7
PVK 0.15 1.09 0.233 22.5
coC 0.19 1.03 0.202 21
a Lifetimes and transfer rates in films are extreme values as estimates for the limit of fastest transfer,
see text.

Emission and lifetime quenching of Ir(tBu-ppy)3 by 3T in MeTHF as shown in Figure 6.3,
right, results in a steady state quenching factor of Q = 11±2, while the lifetime quenching
yields a value of Q = 7.6. Energy transfer occurs on a time scale of nanoseconds with a
rate constant ken = 3.8×109 Lmol−1s−1 (Table 6.1) which lies close to the diffusion limit in
this solvent, which was estimated as kdiff = 1.2×1010 Lmol−1s−1, for MeTHF using the Debye
equation263 (kdiff =

8000 RT
3η ) with the viscosity η = 0.5618×10−3 Pa×s at 298 K.265
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It can be concluded that 3T, with its T1 energy level at 1.82 eV,22 is a quencher for the
3MLCT states of the two iridium dyes investigated here.

6.2.2 Quenching of Triplet Emitters in Various Polymer Matrices

As a next step the decay kinetics of thin films were studied. Films of coC, PVK or PS each
containing either 8 wt.-% of one of the iridium dyes or 7 wt.-% of one of the iridium dyes
plus 4 wt.-% 3T were spin coated from chlorobenzene under N2. The decay traces at 80 and
300 K of these samples are shown in Figure 6.4 for Ir(ppy)2(R-pic) containing films and in
Figure 6.5 for Ir(tBu-ppy)3 containing films.

If triplet excitons are transferred, or diffuse, via the polymer host from one dopant to the
next an initial activation barrier needs to be overcome, since the polymer has a higher triplet
energy than the dopant (Figure 6.1). The activation energy is usually provided by thermal
energy, thus the triplet diffusion processes, and the resulting quenching, are expected to be
more pronounced at higher temperatures.

Due to that same activation energy needed to promote the triplet exciton from dopant
to host energy level, the difference in triplet energy level between host and dopant will play
a crucial role in diffusional triplet energy transfer. The larger the difference in energy level,
the smaller the chance of thermal activation of a dopant’s exciton onto the polymer level will
be. Thus, the diffusional quenching is expected to be decreasing for the studied samples
in the order coC (E(T1) = 2.6 eV), PVK (E(T1) = 2.7 eV), PS (E(T1) = 3.9 eV). Additionally,
samples that contain Ir(ppy)2(R-pic), with its 50 meV higher triplet level, should show stronger
quenching by triplet exciton diffusion via the host than those containing Ir(tBu-ppy)3.

Therefore, quenching via exciton diffusion is expected to be strongest for blends of
Ir(ppy)2(R-pic) in coC at high temperatures with the closest match in triplet energies and
most thermal activation energy available, while it is expected to be weaker for Ir(tBu-ppy)3

containing samples as well as PVK and certainly for PS since in those cases the energy
levels differ strongly, especially at low temperatures, i.e. little available thermal energy.

However, from the actual measurements none of the expected effects is evident. In
Figure 6.4 and 6.5 each panel shows traces of two corresponding samples differing only in
3T content. It appears that all the traces undergo negligible change upon addition of 3T,
which indicates negligible quenching and thus negligible diffusion.

The only apparent systematic effect on the lifetime is exerted by the changes in tem-
perature. Upon increasing the temperature from 80 to 300 K, samples differing only in 3T
content, show the same decrease in lifetime, regardless of their 3T content. Since the effect
occurs for 3T-containing (circles) as well as 3T-free (squares) samples to the same extent it
is clearly not an effect of exciton diffusion and quenching.

Upon closer examination of the solid state decay traces it seems that in 3T-containing
samples of Ir(ppy)2(R-pic) in PVK (80 and 300 K) and Ir(ppy)2(R-pic) in PS (80 K) as well
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Figure 6.4 Decay traces recorded under inert atmosphere at 80 K (left) and 300 K
(right) of films spin coated from chlorobenzene of coC, PVK and PS (top, middle, bottom,
respectively) blended with 8 wt.-% Ir(ppy)2(R-pic) (squares) and with 7 wt.-% Ir(ppy)2(R-
pic) and 4 wt.-% 3T (circles), λex 400 nm.
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Figure 6.5 Decay traces recorded under inert atmosphere at 80 K (left) and 300 K
(right) of films spin coated from chlorobenzene of coC, PVK and PS (top, middle, bottom,
respectively) blended with 8 wt.-% Ir(tBu-ppy)3 (squares) and with 7 wt.-% Ir(tBu-ppy)3
and 4 wt.-% 3T (circles), λex 400 nm. The inset shows decay traces of PVK films spin
coated from chlorobenzene blended with a mix of 7 wt.-% of Ir(tBu-ppy)3 with 4 wt.-% of
3T (triangles) and PVK blended with 4 wt.-% of 3T (circles and, with a constant added,
stars) monitored at 535 nm under inert atmosphere at 80 K, λex 400 nm.
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as all samples involving Ir(tBu-ppy)3 a short component of some nanoseconds exists. This
component is generally stronger in the 3T-containing samples and could be assigned to scat-
tering of photons of wavelengths, different from the monitored wavelength through the single
monochromator of the setup, originating from the exciting pulse as well as residual fluores-
cence of 3T. This is corroborated by the results shown in the inset in Figure 6.5. Here, the
short component of the decay trace of a sample containing 3T + Ir(tBu-ppy)3 + PVK (trian-
gles) at 80 K is identical to the decay trace under the same conditions of a film containing
only 3T and PVK (circles). When adding a constant to trace of the film of 3T and PVK (stars),
in order to “simulate” the long lifetime of Ir(tBu-ppy)3 this trace becomes the equivalent of the
trace of the sample containing 3T + Ir(tBu-ppy)3 + PVK (triangles).

It should also be mentioned that the relative amplitude of the short component is very
sensitive to alignment of sample and cryostat with respect to detector and exciting laser,
which shows again its origin to lie in scattering of excitation and fluorescent light, therefore
the short component will not be taken into consideration for the remainder of this chapter.

In addition, Figure 6.4 and 6.5 reveal that all samples (except those containing Ir(tBu-
ppy)3 but no 3T as well as Ir(ppy)2(R-pic) in coC, no 3T, at 80 K) show different degrees of
non-linearity in their long-lifetime decay traces. This multi-exponential nature of the decay
is probably due to the non-uniform dispersion of 3T molecules and iridium complexes in the
films differing from sample to sample.

The multi-exponential nature of the long-lived component of the decay traces precludes
fitting a single lifetime to the whole decay trace. Rather, limiting cases of most efficient triplet
exciton transfer in the samples were evaluated. Estimates of the longest-lived component
of the 3T-free films and the shortest-lived component (excluding the scattering/fluorescence
discussed above) of 3T-containing samples were used to estimate a maximum quenching
constant. These maximum energy transfer rates represent the limiting case of most efficient
transfer possible in the film and are listed in Table 6.1. They could be affected by near
neighbor interactions of trap sites situated directly next to each other and subsequent energy
transfer between them. At the high concentrations used in this study, at least some such near
neighbor interactions are likely to occur.

The resulting maximum quenching factors in the solid state (equal to the ratios of life-
times with and without 3T) amount to Q = 4±1 averaged over all measured samples. As
an example, the ratio of the long component in pure emitter (τ0) and the short compo-
nent when 3T is present (τQ) for the case of Ir(ppy)2(R-pic) in PS at 80 K gives Q ≈
τ0/τQ = 2.3 µs/0.49 µs = 4.7. Maximum estimated energy transfer rates (ken = (τ−1

Q −

τ−1
0 )/[3T] = 9.1×106 Lmol−1s−1 found for this example) are also in general in the range of
µs−1 (Table 6.1). Upon comparison with energy transfer in solution these rates are up to 3
orders of magnitude lower in the solid state. This too, is consistent with negligible energy
transfer via exciton diffusion in thin films.

Considering the nature of the quencher, 3T, being subject to weak spin-orbit coupling,
triplet energy transfer should occur via a Dexter mechanism. In solution energy transfer
is diffusion controlled, consistent with the possibility of Dexter transfer to occur. However,
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in the solid state molecular movement to bring reactants close enough and to make (the
very short-range) Dexter energy transfer possible is impeded, corroborating the absence of
quenching.

Supporting this interpretation, it should be mentioned that in the next chapter a quench-
ing experiment in the solid state of Ir(tBu-ppy)3 with a phosphor of low triplet energy level
(∼2 eV) and large phosphorescence quantum yield is described. The rate constants for
energy transfer resulting from these experiments are larger by 2 orders of magnitude than
the ones found here. When using a phosphorescent quencher, which is subject to strong
spin-orbit coupling, energy transfer can occur via the Förster mechanism since the spin-orbit
coupling renders the T1← S0 transition partially allowed. The low-energy phosphor shows
far more efficient quenching at even lower concentrations, than 3T, which cannot take part in
a Förster transfer because its T1← S0 transition is strongly spin-forbidden. These findings,
too, provide evidence that the absence of quenching by 3T in the experiments here can be
interpreted to indicate that thermal excitation from the phosphorescent dopants to polymer
host is an unimportant process, even when the required energy is modest (∼0.2 eV for the
coC matrix).

To quantify the results the diffusion constant of the triplet exciton, DT, was estimated for
both dyes in coC, the polymer where the largest diffusional effects can be expected, using
the equation:266

DT =
kdiff

4 πR∗NA
(6.1)

where kdiff corresponds to the energy transfer rate estimated from lifetime data, R∗ is the
distance at which the transfer occurs (estimated to be the sum of the radii of the participants
in energy transfer) and NA is Avogadro’s constant.266 DT was estimated to be in the order of
1×10−9 cm2s−1 in both cases.

The average free path length, x , was estimated from DT using:266,267

x =
√

2DTτ0 (6.2)

where τ0 is the lifetime of the iridium dye in a 3T-free film. The upper limit for the aver-
age free path length was estimated to be of the order of x = 0.5 nm for both dyes. This
is less than the nearest neighbor distance between quencher molecules, Rc, when es-
timating this nearest neighbor distance from the average spherical volume available to a
quencher molecule at number density ρN is Rc = [3/(4πNAρ

−1
N )]

1
3 and equals Rc = 1.3 nm at

ρN = 8.24×10−21 molecules/cm3.

Thus, even when assessing the limiting case of maximum quenching, triplet excitons
turn out not to diffuse via the host in the solid matrices used in this study. Hence, thermal
excitation from the phosphorescent dopants to polymer host is a minor process, even when
the energy required is modest (∼0.2 eV for the coC matrix).
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6.3 Conclusion

In conclusion, there is no apparent triplet exciton diffusion and quenching via the host in the
thin film samples studied here. No (systematic) dependence on temperature and host triplet
level could be determined. Average free path lengths for the diffusion of triplet excitons for
both iridium dyes was estimated (using the diffusion coefficient, DT = 1×10−9 cm2s−1) to be
≤0.5 nm in coC which is less than half the estimated average dye-to-dye distance.

Thus, when choosing triplet emitters with triplet energies below that of the polymer matrix
the process of diffusion via the matrix generally becomes inefficient. Therefore, preventing
energy loss through triplet exciton diffusion via the host turns out to be an easily avoidable,
chemically tunable problem.

Experimental Part

Ir(tBu-ppy)3,268 coC257 and 3T155 have been synthesized using standard procedures and
were generously supplied by Jolanda Bastiaansen, Nicole Kiggen and Bea Langeveld (TNO
Science and Industry). Ir(ppy)2(R-pic) has been a generous gift from Michel Fransen and
Henk Janssen (SyMO-Chem BV), and its synthesis will be published elsewhere. Anhydrous,
sealed chlorobenzene was purchased from Aldrich, kept under inert atmosphere at all times
and used as received. Polystyrene (Mw = 250 kDa) and PVK (Mw = 40 kDa) were purchased
from Aldrich and Polysciences, respectively, and used as received. 2-Methyltetrahydrofuran
(MeTHF) was pre-dried over KOH for 3 days, filtered, distilled from CaH2, and stored under
inert atmosphere.

Sample solutions were prepared in a nitrogen-filled glove box using dry MeTHF or dry
chlorobenzene. Thin film samples were spin coated at 1100 rpm using an Electronic Micro
Systems Photo Resist Spinner (Model 4000) inside the glovebox. The polymer solutions
used for spin coating were prepared in the same glovebox by stirring over night and heating
to 70 ◦C for 1 hour. After that, the solutions were immediately spin coated. All samples
were kept under inert atmosphere. The incorporation of 3T in the polymers was proven by
quantitative UV experiments comparing absorbances of film with solutions from which the
films were spin coated. Furthermore, the corresponding emission spectra demonstrated no
apparent aggregation effects.

Film thicknesses were determined using a Tencor P-10 Surface Profilometer.

During the spectroscopic experiments, thin film samples were held at 80 or 300 K under
nitrogen atmosphere using an Oxford Optistat CF continuous flow cryostat or an Oxford
Optistat DN bath cryostat.

UV/Vis and fluorescence spectra were recorded using a Perkin Elmer Lambda 900 and
an Edinburgh Instruments FS920 spectrophotometer, respectively. Time-correlated single
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photon counting (TCSPC) photoluminescence was performed on an Edinburgh Instruments
LifeSpec-PS spectrometer by photoexcitation at 400 nm with a picosecond-pulse laser (Pi-
coQuant PDL 800B) operated at 2.5 MHz, 400 kHz or 40 kHz and using a Peltier-cooled
Hamamatsu microchannel plate photomultiplier (R3809U-50) for detection.







7
Phosphorescent Resonant Energy Transfer

Abstract

The mechanism for triplet energy transfer from the green-emitting fac-tris[2-(4’-tert-butyl
phenyl) pyridinato] iridium (Ir(tBu-ppy)3) complex to the red-emitting bis[2-(2’- benzothienyl)
pyridinato](acetylacetonato) iridium (Ir(btp)2(acac)) phosphor has been investigated using
steady-state and time-resolved photoluminescence spectroscopy. To differentiate between
the two common mechanisms for energy transfer, i.e. the direct exchange of electrons (Dex-
ter transfer) or the coupling of transition dipoles (Förster transfer), [2,2’;5’,2”]terthiophene
(3T) was also used as triplet energy acceptor. Unlike Ir(btp)2(acac), 3T can only be active in
a Dexter transfer because it has a negligible ground state absorption to the 3(π − π*) state.
The experiments demonstrate that in semi-dilute solution, the 3MLCT state of Ir(tBu-ppy)3

can transfer its triplet energy to the lower-lying 3(π − π*) states of both Ir(btp)2(acac) and
3T. For both acceptors, this transfer occurs via a diffusion controlled reaction with a com-
mon rate constant (ken = 3.8×109 Lmol−1s−1). In solid polymer matrix, the two acceptors,
however, show entirely different behavior. The 3MLCT phosphorescence of Ir(tBu-ppy)3 is
strongly quenched by Ir(btp)2(acac) but not by 3T. This reveals that under conditions where
molecular diffusion is inhibited, triplet energy transfer only occurs via the Förster mecha-
nism, provided that the transition dipole moments involved on energy donor and acceptor
are not negligible. Using the Förster radius for triplet energy transfer from Ir(tBu-ppy)3 to
Ir(btp)2(acac) of R0 = 3.02 nm, the experimentally observed quenching is found to agree
quantitatively with a Förster model that assumes a random distribution of acceptors in a rigid
matrix.

101
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7.1 Introduction

Organic and polymeric light-emitting diodes attract considerable attention for applications in
multi-color displays and lighting technology. In OLEDs and PLEDS visible light is generated
via radiative decay of excited states formed by the recombination of the holes and electrons
injected into the organic semi-conductor.5,6,120 Spin statistics favor formation of triplet over
singlet excited states which poses a limitation to the internal quantum efficiency of LEDs
based on fluorescent small molecules or polymers. By using phosphorescent emitters in the
active layer it is possible to capture both singlet and triplet excited states and increase the
internal quantum efficiency.88,89

In recent years considerable progress in electrophosphorescent LEDs has been achieved
by using organometallic (e.g. Pt, Ir) complexes as dopants in small organic molecule
hosts90,104,110,239 and in polymer hosts.73,105,112,269–271 The large spin-orbit coupling associ-
ated with platinum and iridium causes the triplet metal-to-ligand charge-transfer 3MLCT and
ligand-based 3(π − π*) states of the phosphors to couple radiatively to the ground state and
achieve internal quantum efficiencies approaching 100% in OLEDs.91

Transfer of excited state energy plays a crucial role in the operation of these electrophos-
phorescent devices. In many systems singlet and triplet excitons are first generated by
electron hole recombination in the organic or polymer host and then transfer their energy
to the dopant. Alternatively, the triplet state of the phosphorescent dye may be formed by
charge transfer from the host or nearby injection layers. In either case, the singlet and triplet
energy levels of the host have to be well above the triplet state of the emitter to be efficient
and prevent back transfer. The actual transfer of excited state energy can occur via differ-
ent mechanisms. Dexter energy transfer involves the exchange of electrons between donor
and acceptor and only occurs when their molecular orbitals overlap. Hence, the efficiency
of Dexter energy transfer drops exponentially with distance. The Förster mechanism, on the
other hand, relies on coupling of transition dipole moments to transfer energy and can op-
erate over longer distances up to several nanometers. An important difference between the
two mechanisms is that the oscillator strengths of the optical transitions on the donor and
acceptor are crucial for Förster energy transfer but have no influence on the rate of Dexter
energy transfer.

While the mechanism of energy transfer between host and dopant has received consid-
erable interest,113,250,256,258,272,273 less attention has been given to the mechanism of energy
transfer between (different) dopants in the host. Such processes may be important for the
development white-light LEDs.119,121,125,127,274,275 Intriguing experiments regarding excited
state energy transfer between two dopants have been described by Forrest et al. on the
Förster transfer from a green emitting phosphor (Ir(ppy)3) to a red emitting fluorescent dye
(DCM2),102,276 where phosphor sensitization was used to increase the internal quantum ef-
ficiency of fluorescent OLEDs. Energy transfer between phosphorescent dopants has also
been used in OLEDs comprising a wide-energy gap host layer with three different iridium
dyes that emit blue, green, and red light, respectively.123 Using time-resolved photolumines-
cence it was shown that energy transfer occurs from the blue phosphor to the green and red
phosphors, but not from the green to red because the latter two were used in low concen-
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trations.123 More recently, Förster triplet energy transfer was considered as the mechanism
that is responsible for the concentration quenching of phosphorescent emission.130

In this chapter, the mechanism of triplet energy transfer in semi-dilute solution and in a
rigid polymer host matrix from the green-emitting Ir(tBu-ppy)3 to the red-emitting Ir(btp)2(acac)
phosphor (Figure 7.1) is investigated using steady-state and time-resolved photolumines-
cence. This is compared to triplet energy transfer from Ir(tBu-ppy)3 to the non-emissive 3T
(Figure 7.1). The results demonstrate that in semi-dilute solution triplet energy transfer oc-
curs to both Ir(btp)2(acac) and 3T via a diffusion controlled reaction, but that in a rigid matrix,
where molecular diffusion is absent, only Ir(btp)2(acac) quenches the Ir(tBu-ppy)3 phospho-
rescence. This result is interpreted in terms of phosphorescent resonance energy transfer
via the Förster mechanism.
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Figure 7.1 Structures of the green-emitting Ir(tBu-ppy)3 phosphor, the red-
emitting Ir(btp)2(acac) phosphor, and the low-triplet-energy 3T molecule.

7.2 Results and Discussions

7.2.1 Energy Transfer between two Phosphorescent Dyes in Solution

The absorption spectrum of Ir(tBu-ppy)3 in chlorobenzene solution recorded at room tem-
perature shows a strong band at 380 nm (ε ≈ 12000 Lmol−1cm−1) that is attributed to a
spin-allowed metal-to-ligand charge transfer (1MLCT) transition (Figure 7.2).277 The two
weaker bands at 460 and 490 nm are assigned to spin-forbidden 3MLCT transitions. The
strong spin-orbit coupling of iridium causes these transitions to mix with higher lying spin-
allowed transitions and acquire appreciable intensity. The photoluminescence of Ir(tBu-ppy)3

originates from lowest energy 3MLCT transition and shows a maximum at 515 nm (2.4 eV)
(Figure 7.2).106,262 The photoluminescence spectrum shows little or no vibronic structure. In
deoxygenated chlorobenzene solution the photoluminescence quantum yield for Ir(tBu-ppy)3

is φ = 0.56±0.04 when referenced to N,N’-bis(1-ethylpropyl) perylenediimide (φ = 1). For the
closely related Ir(ppy)3 complex, φ = 0.40±0.1, has been reported in deoxygenated toluene
solution278 and φ = 0.97±0.02 in a solid state host matrix at 1.5 mol% concentration.92

The room temperature absorption spectrum of Ir(btp)2(acac) in chlorobenzene exhibits
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Figure 7.2 Absorption (squares) and photoluminescence (circles) spectra of
Ir(tBu-ppy)3 in chlorobenzene solution (10 µM) at room temperature. The photolu-
minescence was recorded under inert atmosphere using an excitation wavelength
of 400 nm.

a band at 491 nm (2.52 eV; ε ≈ 8000 Lmol−1cm−1) (Figure 7.3) that has been assigned to
the 3MLCT state.103 The photoluminescence of Ir(btp)2(acac) has a maximum at 620 nm
(2.00 eV) with vibronic bands at 670 and 740 nm. The large Stokes shift of ∼129 nm
(0.52 eV) is due to the fact that the emission of Ir(btp)2(acac) does not occur from the
3MLCT state, but originates predominantly from the btp ligand based 3(π − π*) state.103

The photoluminescence quantum yield of Ir(btp)2(acac) in MeTHF solution is φ = 0.21103

and φ = 0.51±0.01 in a solid state host matrix at 1.4 mol% concentration.92

The different nature of the lowest energy triplet excited states of Ir(tBu-ppy)3 [3MLCT]
and Ir(btp)2(acac) [3(π − π*)] is supported by the difference in vibrational structure of the
two photoluminescence spectra: Luminescence from a 3MLCT state generally gives rise to
a broad, featureless band while that of 3(π − π*) states can be highly structured, featuring
the vibrational modes of the ground state ligand that couple to the transition.103,109

The 3MLCT photoluminescence of Ir(tBu-ppy)3 and the 3MLCT absorption spectrum of
Ir(btp)2(acac) overlap in the region between 500 and 550 nm. Hence, energy transfer from
the triplet state of Ir(tBu-ppy)3 to Ir(btp)2(acac) is energetically possible. To investigate the
occurrence of resonant energy transfer between the two phosphorescent emitters, the photo-
luminescence spectrum of a mixed solution of the two dyes was recorded. Figure 7.4 reveals
that the emission of Ir(tBu-ppy)3 at 535 nm is significantly quenched (quenching factor, Q =
6.5) after addition of Ir(btp)2(acac). At the same time, the photoluminescence at 620 nm
of Ir(btp)2(acac) increases significantly. The spectra demonstrate that triplet energy transfer
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Figure 7.3 Absorption (squares) and photoluminescence (circles) spectra of
Ir(btp)2(acac) in chlorobenzene solution (185 µM) at room temperature. The pho-
toluminescence was recorded under inert atmosphere using an excitation wave-
length of 400 nm.

occurs from the 3MLCT state of Ir(tBu-ppy)3 to the 3(π − π*) state of Ir(btp)2(acac). Based
on the steady state photoluminescence spectra it is difficult to quantify the results because
the spectra have been recorded in front-face geometry, which introduces some uncertainty
in collecting the luminescent light. For comparison, Figure 7.4 also shows the photolumi-
nescence spectra of Ir(btp)2(acac) for two limiting cases: (1st) assuming that the emission
only occurs from photons directly absorbed by Ir(btp)2(acac) (circles), and (2nd) assuming
the red emission occurs from all photons absorbed by Ir(btp)2(acac) and Ir(tBu-ppy)3 (stars).
The experimental spectrum of the mix (triangles) closely follows the latter curve within the
wavelength range of Ir(btp)2(acac) emission. This suggests that the energy transfer is nearly
complete. The 15% residual emission of Ir(tBu-ppy)3 at 535 nm, however, shows that it is
not quantitative under these conditions.

To quantify the triplet energy transfer and determine the rate constants for the process,
time-resolved single photon counting experiments were performed (Figure 7.5 and 7.6).

The lifetime of Ir(tBu-ppy)3 is reduced from 1.30 µs to 345 ns upon addition of the
550 µM of Ir(btp)2(acac) (Figure 7.5, Table 7.1) when excited at 400 nm. The pseudo-first-
order rate constant for quenching via energy transfer under these conditions can be calcu-
lated from the lifetimes in presence (τQ) and absence (τ0) of the Ir(btp)2(acac) quencher via
kq = τ

−1
Q − τ

−1
0 = 2.1× 106 s−1. Assuming that the quenching is proportional to the concen-

tration of the Ir(btp)2(acac) quencher (550 µM), the second-order rate constant for energy
transfer is ken = kq/[Q] = 3.8×109 Lmol−1s−1.
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Figure 7.4 Photoluminescence spectra of Ir(tBu-ppy)3 (10 mM) (squares) and of a
mixture of Ir(tBu-ppy)3 (10 mM) and Ir(btp)2(acac) (550 µM) (triangles) in chloroben-
zene. The photoluminescence spectra were recorded under inert atmosphere at room
temperature using an excitation wavelength of 500 nm. For comparison, the expected
photoluminescence intensity of Ir(btp)2(acac) in the mixture is shown for two limiting
cases (1st) assuming that no energy transfer occurs (circles) and (2nd) assuming 100%
energy transfer (stars).

Table 7.1 Photoluminescence lifetimes of the pure iridium dyes and in mixtures with quenchers
as determined in solution and in a PS matrix. With monitored emission wavelength λ (nm), fitted
lifetime components τ1 and τ2 (ns) and the concentrations of the dye, [dye] (mM), and of the
quencher, [quencher] (mM).

Sample dye quencher λ τ1 τ2 [dye] [quencher]
(nm) (ns) (ns) (mM) (mM)

Chlorobenzene Ir(tBu-ppy)3 - 535 1300a 10
Ir(btp)2(acac) - 680 5400 0.55
Ir(tBu-ppy)3 Ir(btp)2(acac) 535 345 10 0.55
Ir(tBu-ppy)3 Ir(btp)2(acac) 680 412b 5430 10 0.55

PS film (80 K) Ir(tBu-ppy)3 - 535 2510c 90
Ir(btp)2(acac) - 680 5490 100
Ir(tBu-ppy)3 Ir(btp)2(acac) 535 39 248 90 90
Ir(tBu-ppy)3 Ir(btp)2(acac) 680 51b 5690 90 90

MeTHF Ir(tBu-ppy)3 - 535 1730a 1
Ir(tBu-ppy)3 3T 535 217 1 1

PS film (80 K) Ir(tBu-ppy)3 - 535 2070c 100
Ir(tBu-ppy)3 3T 535 1910 100 210

a The increased lifetime of Ir(tBu-ppy)3 in MeTHF compared to chlorobenzene is partly due to the lower
refractive index (1.408 versus 1.524) that causes a slower radiative decay (τ ∼ n−2) and possibly due to
less triplet-triplet annihilation at the 10-fold lower concentration used. b Italic lifetime components are rise
time components. c The two entries labeled with ’c’ differ due to sample-to-sample variations.
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Figure 7.5 Time-resolved photoluminescence recorded at 535 nm of Ir(tBu-ppy)3
in chlorobenzene (10 mM) (squares) and of Ir(tBu-ppy)3 (10 mM) mixed with
Ir(btp)2(acac) (550 µM) (squares). The photoluminescence was recorded under
inert atmosphere at room temperature with pulsed excitation at 400 nm.

The sub-microsecond rate for energy transfer inferred from the photoluminescence
quenching of the Ir(tBu-ppy)3 can also be observed as a slow increase of the emission
of Ir(btp)2(acac). Figure 7.6 shows the time-resolved photoluminescence at 680 nm of
Ir(btp)2(acac) in solution, before and after mixing with Ir(tBu-ppy)3. While the decay kinetics
of the two Ir(btp)2(acac) emission traces are very similar with a lifetime of 5.4 µs, the rise of
the two signals is distinctly different.

For the pure Ir(btp)2(acac) dye the maximum emission coincides with the end of the
excitation pulse, but in the mixed solution there is an additional slow rise component with
a time constant of 410 ns (Figure 7.6). This rise time is similar to the time constant of
k−1

q = 476 ns for quenching via energy transfer determined from the lifetime reduction of
Ir(tBu-ppy)3 upon mixing (Table 7.1).

The correspondence between the time constants for the rise of the emission of
Ir(btp)2(acac) and the quenching of Ir(tBu-ppy)3 in the mixed solution, strongly suggests that
the two processes are related, consistent with a triplet energy transfer reaction.

It is of interest to note that the second-order rate constant for the quenching
(ken = 3.8× 109 Lmol−1s−1) is of the same order of magnitude as the rate constant for dif-
fusional collision kdiff = 8.7×109 Lmol−1s−1 in chlorobenzene derived from the Debye equa-
tion263 (kdiff =

8000RT
3η ) and the viscosity η = 0.758×10−3 Pa×s of chlorobenzene at 298 K.264

Hence, the energy transfer reaction in solution is, to a large extent, diffusion controlled. Both
Dexter and Förster energy transfer strongly depend on the distance between donor and ac-
ceptor, and without further experimental data it is not possible to distinguish between these
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Figure 7.6 Time-resolved photoluminescence recorded at 680 nm of
Ir(btp)2(acac) (550 µM) in chlorobenzene (circles) and of Ir(btp)2(acac) (550 µM)
mixed with Ir(tBu-ppy)3 (10 mM). The photoluminescence was recorded under
inert atmosphere at room temperature with pulsed excitation at 400 nm.

two mechanisms.

To resolve this issue, energy transfer is studied in a rigid matrix in the next section.

7.2.2 Energy Transfer between two Phosphorescent Dyes in Thin Films

To further investigate the mechanism of energy transfer, the Ir(tBu-ppy)3 and
Ir(btp)2(acac) emitters were blended into polystyrene (PS). After dissolving the components
in chlorobenzene, thin PS films were made by spin coating onto quartz substrates. Immobi-
lized in the PS matrix and cooled to 80 K, energy transfer between the two dyes via molecular
diffusion is improbable and energy transfer over longer distances should only be the result
of Förster energy transfer.

Figure 7.7 shows the photoluminescence spectra of Ir(tBu-ppy)3 and Ir(btp)2(acac), to-
gether with that of a mixture of the two dyes dispersed in the PS matrix. The spectra show
that the photoluminescence quenching of Ir(tBu-ppy)3 by Ir(btp)2(acac) is very significant un-
der these conditions and more efficient than in solution. The photoluminescence intensity
at 535 nm of Ir(tBu-ppy)3 is strongly quenched (Q = 62). Simultaneously, the photolumines-
cence intensity of Ir(btp)2(acac) increases 5 fold in the mixed film. This is actually larger
than the 2.5 fold increase which is estimated for 100% energy transfer by considering the
number of absorbed photons in the mixed film and in the film containing only Ir(btp)2(acac).
These estimates were obtained from the molar absorption coefficients of the two dyes at the
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excitation wavelength (400 nm), their molar concentrations in the PS film, and the film thick-
ness as measured with a profilometer. The deviation is ascribed to unavoidable differences
in measurement conditions related to the alignment of sample and cryostat.

 Ir(tBu-ppy)3
 Ir(btp)2(acac)
 Ir(tBu-ppy)3 + Ir(btp)2(acac)
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Figure 7.7 Photoluminescence spectra of PS films blended with 7 wt.-% (90 mM)
Ir(tBu-ppy)3 (squares), 7 wt.-% (100 mM) Ir(btp)2(acac) (circles), and a composite
of 7 wt.-% (90 mM) Ir(tBu-ppy)3 and 6 wt.-% (90 mM) Ir(btp)2(acac) (triangles). The
spectra were recorded at 80 K using an excitation wavelength of 400 nm recorded
under inert atmosphere.

Figure 7.8 shows the photoluminescence excitation spectra monitored at 535 nm for the
PS film with Ir(tBu-ppy)3 and at 680 nm for films with Ir(btp)2(acac) and the mixed emitters.
The sum of the excitation spectra of the two pure emitters follows the excitation spectrum of
the 680 nm emission of the mixed sample closely. There is ambiguity in adding the two spec-
tra because they were recorded at different emission wavelengths. Nevertheless, the distinct
feature at 460 nm and the steep increase of the curve below 430 nm in the experimental
spectrum are clear indications that triplet energy transfer from Ir(tBu-ppy)3 to Ir(btp)2(acac)
occurs in the PS films.

The triplet energy transfer inferred from the photoluminescence and excitation spectra is
supported by the time-resolved luminescence data recorded at 535 nm. The lifetime of the
Ir(tBu-ppy)3 emission is significantly reduced after mixing it with Ir(btp)2(acac), while that of
the Ir(btp)2(acac) itself does not change significantly upon mixing (Figure 7.9 and Table 7.1).

In the mixture of the two emitters, three lifetime components (4.9, 39, and 248 ns) de-
scribe the decay of the emission at 535 nm, corresponding to Ir(tBu-ppy)3 (Table 7.1). It
should be noted that none of these components corresponds to the photoluminescence life-
time of the pure Ir(tBu-ppy)3 dye (2.51 µs), suggesting that the excited state of Ir(tBu-ppy)3 is
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Figure 7.8 Photoluminescence excitation spectra of PS films blended with 7 wt.-%
(90 mM) Ir(tBu-ppy)3 (squares), 7 wt.-% (100 mM) Ir(btp)2(acac) (circles), and a com-
posite of 7 wt.-% (90 mM) Ir(tBu-ppy)3 and 6 wt.-% (90 mM) Ir(btp)2(acac) (triangles).
The spectra were recorded at 80 K with excitation at 400 nm recorded under inert
atmosphere. The dotted line (crosses) shows the sum of the spectra of the pure com-
pounds.

effectively quenched in the mix. The shortest lifetime component (4.9 ns) arises from scatter-
ing of the excitation beam through the single monochromator of the setup and is neglected
(see Chapter 6). The two other time constants, represent a fast (39 ns, relative amplitude
1.0) and a slower (248 ns, relative amplitude 0.34) energy transfer process.

The occurrence of multiple lifetimes for the energy transfer, instead of one, is probably
due to the dispersion of distances within the solid phase. From the shorter time constant
(τQ = 39 ns; kdecay = 2.56×107 s−1) and the lifetime τ0 = 2.51 ms of pure Ir(tBu-ppy)3 in
PS a quenching factor of Q = τ0

τQ
− 1 = 63 is predicted, in good agreement with the value

Q = 62 obtained from the photoluminescence intensity (Figure 7.7). This demonstrates
the quantitative agreement of the steady-state and time-resolved photoluminescence data.
The rate constant for quenching via energy transfer under these conditions is kq = τ−1

Q −

τ−1
0 = 2.52×107 s−1.

Similar to the mixed solutions, the rise of the emission of Ir(btp)2(acac) in the PS film with
the mixed dyes is much slower than for the pure Ir(btp)2(acac) dye in the film (Figure 7.9). At
80 K in the mixed dye PS film, the rise time amounts to 51 ns (Table 7.1), in fair agreement
with the inverse energy transfer rate k−1

q = 40 ns determined from the photoluminescence
lifetime quenching of the Ir(tBu-ppy)3 dye. The quantitative correspondence of the charac-
teristic time constants of the two processes, strongly suggest a mutual origin, consistent with
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Figure 7.9 Time-resolved photoluminescence of PS films containing
7 wt.- % (90 mM) Ir(tBu-ppy)3 recorded at 535 nm (squares) and of films
containing a mix of 7 wt.-% (90 mM) Ir(tBu-ppy)3 and 6 wt.-% (90 mM)
Ir(btp)2(acac) recorded at 535 nm (down triangles) and 680 nm (up triangles).
The photoluminescence was recorded under inert atmosphere at 80 K with
pulsed excitation at 400 nm. The solid lines are fits to the data. The inset
shows an expansion of the data in a linear plot.

triplet energy transfer from Ir(tBu-ppy)3 to Ir(btp)2(acac).

In thin films at 80 K, diffusion of molecules can be excluded and an energy transfer
mechanism that involves diffusion via the triplet state the PS matrix is highly unlikely. The
fact that the energy transfer is very efficient in the mixed films seems to indicate that a Förster
mechanism is operative, but -at this stage- the Dexter mechanism cannot be fully excluded
because the relatively high concentration (90-100 mM; 6-7 wt.-%) of the dyes give rise to an
average distance between the dyes that does not preclude some orbital overlap.

The radius Rc of the average spherical volume available to a phosphorescent dye mole-
cule at molar concentration C is Rc = [3/(4πNAC)]

1
3 and equals Rc = 1.6 nm at C = 100 mM.

This can be compared to the radius of the molecule as determined from the molecular vol-
ume provided by the crystallographic structure. For the related Ir(ppy)3 and Ir(ppy)2(acac)
complexes this radius is 0.51-0.53 nm and of the same order of magnitude as Rc.261,279

In the next section it will be shown, however, that the Dexter mechanism can be excluded
as being the major mechanism energy transfer occurs by.
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7.2.3 Energy Transfer between a Phosphorescent Dye and a Low-Triplet State Organic
Molecule in Solution

To differentiate between the Dexter and Förster mechanisms, it is possible to use a molecule
that has a triplet state lower than that of Ir(tBu-ppy)3, but which has a negligible absorption
coefficient for the T1← S0 absorption. When the transition dipole moment is extremely small,
the Förster mechanism cannot be operative and energy transfer can only occur via direct
exchange and orbital overlap.

Photoluminescence
 Ir(tBu-ppy)3
 Ir(tBu-ppy)3+ 3T

Excitation 
 Ir(tBu-ppy)3 
 Ir(tBu-ppy)3+ 3T
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Figure 7.10 Photoluminescence spectra of Ir(tBu-ppy)3 (1 mM) (squares) and
of a mixture of Ir(tBu-ppy)3 (1 mM) and 3T (1 mM) (circles) in MeTHF solution,
recorded using an excitation wavelength of 400 nm. Excitation spectra of the
Ir(tBu-ppy)3 (up triangles) and Ir(tBu-ppy)3 + 3T (down triangles) were recorded
for the same samples monitoring the emission at 550 nm. All experiments were
performed under inert atmosphere at room temperature.

From previous experiments and quantum-chemical calculations, 3T is known to have the
desired properties for this experiment.22 The first triplet state of 3T, at 1.82 eV, (i.e. well below
the phosphorescent 3MLCT state of the Ir(tBu-ppy)3 at 2.4 eV) shows negligible absorbances
below the onset of the S1← S0 absorption at 3.0 eV.

Photoluminescence quenching experiments of Ir(tBu-ppy)3 mixed with 3T have been per-
formed at room temperature under inert atmosphere in MeTHF solution. The photolumines-
cence and excitation spectra reveal significant quenching of the emission of the Ir(tBu-ppy)3

upon addition of 3T (Figure 7.10). The intensity of the emission at 535 nm is quenched by
Q = 8 as determined from the excitation spectra at 500 nm. The quenching factor determined
from the photoluminescence spectra in Figure 7.10 seems larger (Q = 13), but the absorption
of 3T at the excitation wavelength of 400 nm causes this number to be overestimated.
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The time-resolved photoluminescence of Ir(tBu-ppy)3 with and without 3T (Figure 7.11)
confirm that the addition of 3T quenches the excited state of Ir(tBu-ppy)3. The lifetime of the
Ir(tBu-ppy)3 luminescence decreases from 1.73 µs to 229 ns upon addition of 3T (Table 7.1).
The pseudo-first-order rate constant for quenching via energy transfer under these conditions
determined from the lifetime, kq = τ

−1
Q −τ

−1
0 = 3.8×106 s−1, is in excellent agreement with the

rate, kq =
(Q−1)
τ0
= 4.0×106 s−1, determined from the 8 fold photoluminescence quenching

with excitation at 500 nm.

Using the lifetime quenching and the concentration of the quencher, the second-order
rate constant for energy transfer is then ken = 3.8×109 Lmol−1s−1. The diffusion constant for
MeTHF (η = 0.5618×10−3 Pa×s)265 at 298 K was calculated as kdiff = 1.2×1010 Lmol−1s−1.263

The steady state and time-resolved photoluminescence experiments show that in solu-
tion triplet energy transfer from Ir(tBu-ppy)3 to the low-energy (1.82 eV) triplet sate of 3T
occurs via diffusion controlled mechanism. The negligible absorption coefficient of 3T in the
wavelength range where Ir(tBu-ppy)3 emits, precludes that Förster energy transfer is involved
and, hence, the quenching is attributed to Dexter exchange.
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Figure 7.11 Time-resolved photoluminescence recorded at 535 nm of Ir(tBu-
ppy)3 in MeTHF (squares) and of Ir(tBu-ppy)3 (1 mM) mixed with 3T (1 mM) (tri-
angles). The photoluminescence was recorded under inert atmosphere at room
temperature with pulsed excitation at 400 nm.

7.2.4 Absence of Energy Transfer between a Phosphorescent Dye and a Low-Energy
Triplet State Organic Molecule in Thin Films

The time-resolved photoluminescence of the phosphorescent Ir(tBu-ppy)3 dye in thin PS
films with and without 3T as a quencher have been recorded at 80 and 300 K (Figure 7.12).



114 7.2 Results and Discussions

0 2 4 6 8 10 12 14

101

102

103

80 K
 Ir(tBu-ppy)3 in PS
 Ir(tBu-ppy)3 + 3T in PS

 I/
a.

u.

 t/µs
0 2 4 6

100

101

102

103 300K
 Ir(tBu-ppy)3 in PS 
 Ir(tBu-ppy)3 + 3T in PS

 I/
a.

u.

 t/µs

Figure 7.12 Time-resolved photoluminescence of PS films containing 8 wt.-%
(100 mM) Ir(tBu-ppy)3 recorded at 535 nm (squares) and containing a mix of 8 wt.-
% (100 mM) Ir(tBu-ppy)3 and 5 wt.-% (210 mM) 3T recorded at 535 nm (up triangles).
The photoluminescence was recorded under inert atmosphere at 80 and 300 K with
pulsed excitation at 400 nm.

The temporal evolution of the emission of Ir(tBu-ppy)3 with and without 3T are virtually iden-
tical and the lifetimes of Ir(tBu-ppy)3 without (2.07 µs) and with 3T (1.91 µs) (Table 7.1) lie
within sample-to-sample variations. This shows that 3T does not quench the 3MLCT state of
Ir(tBu-ppy)3 in the solid PS matrix.

The only noticeable difference in Figure 7.12 is the presence of a fast component at short
times after excitation for the mixed Ir(tBu-ppy)3 + 3T film which is absent in the film without
3T. This fast component is due to a contribution of the short-lived fluorescence of 3T that is
also excited at 400 nm. While the intensity of the steady state photoluminescence spectra
recorded at 80 K show distinct sample-to-sample variations, there was no consistent effect
of the addition of 3T on the photoluminescence intensity of Ir(tBu-ppy)3, corroborating that
energy transfer from the 3MLCT state of Ir(tBu-ppy)3 to 3T is absent under these conditions.
The fact that also at higher temperature (300 K) the results for the two films are the same,
indicates that diffusion of triplet excitons toward 3T molecules is negligible.

7.2.5 Förster Energy Transfer in Thin Films

Comparison of the quenching experiments of Ir(tBu-ppy)3 in PS at 80 K using the strongly
absorbing and phosphorescent Ir(btp)2(acac) dye or the comparatively weakly absorbing and
emissive 3T molecule clearly shows that the phosphorescent dye quenches the excited state
of Ir(tBu-ppy)3 emitter far more efficiently than 3T. Since all conditions and parameters such
as temperature, matrix, quencher concentration are comparable for the two experiments, the
difference in quenching efficiency must be due to the characteristics of the quencher. On the
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basis of these properties of the quencher it is now possible to differentiate between Förster
and Dexter mechanisms.

In terms of a Förster mechanism, 3T is a poor quencher due to the extremely low os-
cillator strength of the T1← S0 transition. In contrast, the Ir(btp)2(acac) is a much better
quencher because it has significant absorption in the wavelength range where Ir(tBu-ppy)3

emits. The Dexter mechanism relies on orbital overlap, and the oscillator strengths are not
important. The larger quenching of Ir(tBu-ppy)3 emission by Ir(btp)2(acac) as compared to
3T is therefore attributed to a Förster phosphorescence energy transfer.

To quantify the results it is possible to determine the Förster radius R0:

R6
0 =

9000 κ2 ln(10)φ
125 π5n4 NA

·

∫
ID(λ)εA(λ)λ

4 dλ∫
ID(λ) dλ

(7.1)

where λ is the wavelength, κ2 is an orientation factor that equals 2
3 for an isotropic sample,

φ = 0.56±0.04 is the luminescence quantum yield of the donor, ID(λ) is the emission of the
donor and εA(λ) is the molar absorption coefficient of the acceptor, n is the refractive index
of the solvent in which absorption and luminescence were recorded, and NA is Avogadro’s
constant. The Förster radius for energy transfer between the green Ir(tBu-ppy)3 dye and the
red Ir(btp)2(acac) dye amounts to 3.02 nm. This can be used to estimate the photolumines-
cence quenching of Ir(tBu-ppy)3 in a solid PS matrix with Ir(btp)2(acac) as an acceptor. For
Förster energy transfer from a donor to an acceptor that is randomly distributed in three di-
mensions, with slow translational diffusion compared to the rate of transfer, the luminescence
quenching amounts to:217

1
Q
= 1−

√
πγ eγ

2
[1− er f (γ )] (7.2)

where γ is given by:

γ =

√
π

2
CA

4
3
πR3

0 (7.3)

with CA the concentration of acceptors (number per nm3). In Figure 7.13 the quenching con-
stant Q is plotted as function of R0. The experimental results Q = 63 (from lifetime quenching
experiments) and Q = 62 (from steady state quenching experiments) are reproduced at the
Förster radius R0 ≈ 3.02 nm, where Q = 64 calculated using Equation 7.2. This quantitative
agreement provides further evidence that in the mixed films Förster energy transfer occurs.
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Figure 7.13 Quenching factor Q as function of the Förster radius R0 calculated
from equation 7.2 for the acceptor concentration of 90 mM. The open circle gives
the experimental result for R0 = 3.02 nm.

7.3 Summary and Conclusion

Photoluminescence quenching of the green phosphorescent emitter Ir(tBu-ppy)3 has been
investigated in solution and in an inert PS matrix using the red phosphorescent Ir(btp)2(acac)
dye and 3T molecule that have low energy 3(π − π∗) states. Both Ir(btp)2(acac) (2.00 eV)
and 3T (1.82 eV) have a triplet state energy that is lower than that of Ir(tBu-ppy)3 (2.4 eV),
implying that energy transfer can occur for both molecules. The two quenchers differ, how-
ever, strongly in their absorption coefficient in the wavelength region where the Ir(tBu-ppy)3

emits (500-650 nm). Here, Ir(btp)2(acac) has a low, but distinct absorption (Figure 7.3), while
that of 3T is essentially zero. As a consequence Ir(btp)2(acac) can participate in both Förster
and Dexter triplet energy transfer while for 3T only the Dexter mechanism is possible.

In solution, both molecules quench the photoluminescence of Ir(tBu-ppy)3 via triplet en-
ergy transfer with second-order rate constant ken = 3.8×109 Lmol−1s−1, indicating that the
energy transfer is diffusion limited. In a PS matrix, on the other hand, the transfer efficiency
for Ir(btp)2(acac) and 3T differ dramatically. Under similar conditions, the phosphorescent
Ir(btp)2(acac) dye (6 wt.-%, 90 mM) quenches the Ir(tBu-ppy)3 emission by almost two or-
ders of magnitude while 3T (5 wt.-%, 210 mM) shows hardly any quenching.

The energy transfer mechanisms that operate in solution and in the PS matrix are dif-
ferent. In solution, where molecular diffusion is possible, the energy transfer is diffusion
controlled, with a rate constant that is independent of the nature of the quencher. The actual
quenching mechanism in solution for 3T must be a Dexter transfer, relying on orbital overlap
in the deactivation step, but for Ir(btp)2(acac) the energy transfer can take place via both,
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Förster and Dexter mechanisms.

Molecular diffusion can be neglected in thin PS films at 80 K and hence triplet energy
transfer can only occur via the Förster mechanism. This point of view is strongly supported
by the experimental result that effective quenching only occurs for Ir(btp)2(acac) and not for
3T in PS films, as expected for Förster transfer considering the much higher transition di-
pole moment of Ir(btp)2(acac) compared to that of 3T. Moreover, a model for luminescence
quenching via Förster energy transfer from donor to acceptor molecules that are randomly
distributed in three dimensions in a rigid matrix (Equation 4.2) provides quantitative agree-
ment with the experimental phosphorescence quenching in the films when using the Förster
radius (R0 = 3.02 nm) of the two iridium complexes determined from the photophysical data.
Hence, the Förster mechanism is the prevailing mechanism for phosphorescent resonant
energy transfer under these conditions.

The result that in a rigid polymer matrix triplet energy transfer between different phos-
phorescent dopants occurs via the Förster mechanism may be used to rationally tune the
emission spectra of mixed layers123 towards more optimal white light emission.

Experimental Part

The synthesis of the green-emitting Ir(tBu-ppy)3 dye106 and 3T155 have been performed ac-
cording to published methods. The red-emitting Ir(btp)2(acac) dye (American Dye Source,
Inc.) and polystyrene (Mw = 250 kDa) were used as received. Anhydrous, sealed chloroben-
zene (Aldrich) was used as received and kept under inert atmosphere at all times. 2-Methyl-
tetrahydrofuran (MeTHF) was pre-dried over KOH for 3 days, filtered, distilled from CaH2,
and stored under inert nitrogen atmosphere.

Sample solutions were prepared in a nitrogen glove box using dry and deoxygenated
MeTHF or chlorobenzene. Thin film samples were spin coated at 1100 rpm using a Elec-
tronic Micro Systems’ Photo Resist Spinner (Model 4000) inside a glove box. The polymer
solutions used for spin coating were prepared in the glove box by stirring overnight and
heating to 70 ◦C for 1 hour, after which the films were spin coated. Film thicknesses were
determined using a Tencor P-10 Surface Profilometer.

UV/Vis and photoluminescence spectra were recorded using a Perkin-Elmer Lambda
900 and an Edinburgh Instruments FS920 spectrophotometer, respectively. Time-correla-
ted single photon counting (TCSPC) photoluminescence was performed on an Edinburgh
Instruments LifeSpec-PS spectrometer by photoexcitation at 400 nm with a picosecond-
pulse laser (PicoQuant PDL 800B) operated at 2.5 MHz, 400 kHz or 40 kHz and using
a Peltier-cooled Hamamatsu microchannel plate photomultiplier (R3809U-50) for detection.
During the spectroscopic experiments, thin film samples were held at 80 K or 300 K un-
der nitrogen atmosphere using an Oxford Optistat CF continuous flow cryostat or an Oxford
Optistat DN bath cryostat. All solutions were kept under inert atmosphere. Only absorp-
tion measurements on thin films and on the 10 µM solution of green Ir(tBu-ppy)3 emitter in
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chlorobenzene were performed under ambient conditions. The quantum yield of Ir(tBu-ppy)3

was determined using N,N’-bis(1-ethylpropyl)perylenediimide (φ = 1) as a standard. Exci-
tation wavelength was 480 nm and both samples had similar O.D. (< 0.1). The integrated
emission spectra were corrected by dividing by the number of absorbed photons.







Triplet States – Triplet Fates
Phosphorescence and Energy Transfer in

Functional Molecules

Summary

Triplet states play a crucial role in organic and polymeric semi-conductor devices, such as
solar cells and light-emitting diodes. Research into the properties and behavior of triplet
states in functional molecules used in such devices will provide insights into the functioning
of and possible ways to improve such devices.

This thesis describes the investigations on triplet excited states and their properties in
well-defined π -conjugated oligomers and polymers as well as in triplet emitting organometal-
lic complexes blended into polymer matrices. The experiments were performed using a vari-
ety of spectroscopic techniques at time scales ranging from steady state to nanoseconds.

Using steady state, time-resolved, and time-gated (transient) absorption and photolu-
minescence spectroscopy, different series of π -conjugated oligomers (oligofluorenes, oligo-
thiophenes) of varying lengths were investigated. The energy levels of the first excited singlet
and triplet states were shown to depend linearly on the inverse number of repeat units, simi-
lar to the classic quantum-mechanical ’particle in a box’. The energy of the singlet state was
found to be linearly correlated to that of the triplet state. In addition to the effect of length,
the influence of chemical functionalization was investigated for a series of oligothiophenes.
The experimental studies were corroborated by quantum-mechanical and density functional
theory calculations that provided an accurate description of the triplet energy and geometry
relaxation in the excited state. Vibrational modes coupling to both singlet-singlet and triplet-
singlet transitions were studied using spectroscopic and theoretical techniques resulting in
their assignment. From these studies, a semi-experimental “geometry prediction” for the first
excited singlet state could be obtained. An important new insight from this work is that the
triplet state in conjugated molecules is not as localized as was generally assumed, but in fact
probes the entire length of the investigated oligomers.

I



II

Delayed fluorescence of a polythiophene derivative upon direct and sub-S0-S1 gap ex-
citation was recorded using time-gated spectroscopic techniques. Measurements of the
prompt fluorescence upon excitation with sub-gap photons revealed that the lowest excited
singlet state (S1) is generated via multi-photon processes and the comparison of the relative
intensities of delayed fluorescence and prompt fluorescence using photon energies below
and above the S0-S1 gap indicated that the delayed fluorescence upon sub-gap excitation
originates mainly from long-lived excitations formed out of singlet excited states populated
via two-photon absorption. The nature of the long-lived excited states involved in delayed
fluorescence is not yet clear and may be either triplet states or geminate charge pairs.

The mechanisms of triplet exciton transfer from one triplet emitting organometallic com-
plex to another or to a low-triplet energy organic molecule were determined using steady
state and time-resolved photoluminescence techniques. The mechanism of triplet exciton
transfer differs depending on the state of the sample. In solution, triplet energy transfer oc-
curs via a diffusion controlled mechanism that may involve Förster and/or Dexter transfer.
In the solid state, where diffusion is absent, energy transfer from one triplet emitter to an-
other triplet emitter occurs via a Förster mechanism that relies on dipole-dipole interactions
and can operate over distances up to several nanometers without direct ’physical’ contact.
Further experiments have demonstrated that the diffusion of triplet energy through a solid
film occurs via direct energy transfer between the organometallic guest molecules and is not
influenced by the triplet energy levels of the matrix as long as these are above that of the
emitter.

With the studies described in this thesis new fundamental insights into the triplet states of
organic molecules and organometallic complexes have been obtained. This knowledge con-
tributes to the future design and development of more efficient organic (white) light-emitting
diodes for lighting applications.







Samenvatting

Triplettoestanden spelen een cruciale rol in organische en polymere halfgeleidertoepassin-
gen zoals zonnecellen en lichtgevende diodes. In dit proefschrift worden de resultaten
beschreven van onderzoek naar de aangeslagen triplettoestanden van goedgedefinieerde π -
geconjugeerde oligomeren en polymeren, en van organometaalcomplexen die, ingemengd
in een polymeermatrix, vanuit de triplettoestand licht uitzenden. De experimenten aan deze
systemen zijn uitgevoerd met behulp van geavanceerde spectroscopische technieken met
een tijdsresolutie tot in het nanoseconde regime en worden gecomplementeerd met kwan-
tumchemische berekeningen.

De aangeslagen toestanden van verschillende series π -geconjugeerde oligomeren (oligo-
fluorenen, oligothiofenen) met variabele lengte zijn onderzocht met absorptie- en fluores-
centiespectroscopie. Hierbij is gebruik gemaakt van continue belichting alsook van tijd-
sopgeloste technieken in emissie en absorptie, soms met tijdsvertraagde en tijdsgeïnte-
greerde detectie. De energieniveaus van de eerste aangeslagen singlet- en triplettoes-
tanden blijken lineair afhankelijk te zijn van het reciproque aantal repeterende eenheden in
het oligomeer, analoog met de klassieke kwantummechanica van het ’deeltje in een doosje’.
Ook correleert de energie van de singlettoestand lineair met die van de triplettoestand.
Naast het effect van oligomeerlengte, is ook de invloed van de functionele groepen onder-
zocht voor een serie oligothiofenen. De experimentele resultaten worden ondersteund door
kwantummechanische en dichtheidsfunctionaaltheorie berekeningen. Deze berekeningen
hebben geleid tot een nauwkeurige beschrijving van de energie en de evenwichtsgeome-
trie van de aangeslagen triplettoestand. Voor singlet-singlet en singlet-triplet overgangen
zijn de normaalvibraties die koppelen met de elektronische structuur bestudeerd met spec-
troscopische technieken gecombineerd met theoretische berekeningen. Uit deze studies is
een semi-experimentele voorspelling van de geometrie van de eerste aangeslagen singlet-
toestand verkregen. Het blijkt dat deze minder gedeformeerd is dan de corresponderende
triplettoestand. Een belangrijk inzicht verkregen uit het onderzoek is dat de triplettoestand
in deze geconjugeerde moleculen niet zo gelokaliseerd is als algemeen wordt aangenomen,
maar zich in feite uitstrekt over de hele lengte van het systeem.

Naast de prompte fluorescentie is ook de vertraagde fluorescentie van een polythiofeen-
derivaat gemeten met excitatie-energieën die zowel boven als onder de optische S0-S1

bandafstand liggen. Voor deze metingen is gebruik gemaakt van een tijdsvertraagde geïnte-
greerde detectie die het mogelijk maakt zwakke signalen lang na een excitatiepuls te meten.
De prompte fluorescentie vanuit de laagste aangeslagen singlettoestand (S1), gemeten na
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excitatie met sub-bandafstand fotonen, toont aan dat de S1 toestand ook bereikt kan wor-
den via multi-foton processen. De vertraagde fluorescentie na sub-bandafstand excitatie
blijkt veroorzaakt te worden door langlevende aangeslagen toestanden die gevormd zijn uit
aangeslagen singlettoestanden die gegenereerd zijn via twee-foton-absorptie en niet door
T1← S0 excitatie. De aard van de langlevende toestanden is nog niet duidelijk, het kan een
neutrale triplettoestand zijn of een geminaal ladingspaar.

Het mechanisme van tripletenergieoverdracht tussen tripletemitterende organometaal-
complexen of van een dergelijk complex naar een oligothiofeen met een lage tripletenergie
is bestudeerd met (tijdsopgeloste) fotoluminescentiespectroscopie. Het mechanisme van
tripletenergieoverdracht blijkt afhankelijk van de mobiliteit van de moleculen. In oplossing,
waar diffusie plaatsvindt, gaat tripletenergieoverdracht via een diffusie-gecontroleerde reac-
tie. In het geval van een oligothiofeen als tripletenergieacceptor is daarbij het Dexter mecha-
nisme actief. In de vaste fase, waar diffusie van moleculen geen rol speelt, vindt energieover-
dracht tussen tripletemitterende moleculen plaats via een Förster mechanisme waarbij de
interactie tussen dipoolovergangsmomenten verantwoordelijk is voor de energieoverdracht
over een afstand van enkele nanometers, zonder direct fysiek contact. Verdere experi-
menten hebben aangetoond dat de diffusie van tripletenergie door een polymeerfilm met
daarin gedispergeerde metaalcomplexen alleen verloopt via directe energieoverdracht tussen
de gastmoleculen en niet beïnvloed wordt door de tripletenergieniveaus van het polymeer,
zolang deze boven die van de tripletemittter liggen.

Met het onderzoek zoals beschreven in dit proefschrift zijn nieuwe fundamentele inzichten
verkregen in de triplettoestanden en de dynamica van organische π -geconjugeerde mole-
culen en organometaalcomplexen. Deze kennis draagt bij aan een beter begrip van de werk-
ingsmechanismen van organische moleculen en organometaalcomplexen in opto-elektroni-
sche toepassingen en kan in de toekomst mogelijk leiden tot een verbetering van de efficiën-
tie daarvan.
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