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Abstract 
 

Foldable electronic devices are presently becoming a reality due to advances in organic light emitting 
diode (OLED) display technology. However, the efficiency of OLEDs is an aspect that still needs 
improvement. To improve the efficiency, loss mechanisms have to be studied. At high luminance levels, 
triplet-polaron quenching (TPQ) is considered as one of the most important loss mechanisms in OLEDs. 
TPQ is a bimolecular quenching process of a triplet state by a polaron, resulting in an effective loss of 
a triplet exciton. The TPQ process is assumed to transfer a triplet exciton via Förster resonance energy 
transfer (FRET) to a molecule at which a polaron resides. When the polaron and the triplet exciton are 
at a distance equal to the Förster radius (RF,TPQ) from each other (R = RF,TPQ) a triplet exciton has a 50% 
probability of being quenched by the polaron. The TPQ quenching rate (rTPQ) scales with the sixth power 
of the ratio of RF,TPQ and the actual distance (R). RF,TPQ is therefore an important parameter, because it 
determines the FRET efficiency. To determine RF,TPQ, several approaches are known. One of the 
approaches is using the overlap integral between the absolute molar extinction coefficient of the acceptor 
(polaron) with the normalized emission of the donor (triplet exciton). The emission spectra of donors 
are in general well-known. However extinction spectra of cationic or anionic acceptor molecules have 
only rarely been studied. Therefore we studied extinction spectra of several acceptor molecules. An 
electrochemical approach was used to quantitatively oxidize materials commonly used in OLED (i.e. 
for the generation of hole polarons). Subsequently the absorbance spectrum of the oxidized solution was 
measured. Since these measurements have been carried out in a solvent, a translation to an OLED (thin-
film) environment has to be made. For 4,4',4''-Tris[phenyl(m-tolyl)amino]triphenylamine  
(m-MTDATA), the effect on RF,TPQ due to a difference in absorbance measured in a thin-film or in a 
solution has shown to be small when considering emitters ranging from the blue to the orange part of 
the optical spectrum. We used this electrochemical-spectroscopic approach for various host – guest 
molecules commonly used in OLEDs. The characterization proved to be efficient for the characterization 
of hole polaron (i.e. cationic) spectra of various host molecules, and was also used for various Ir-cored 
guest molecules. From the overlap of the well-defined polaron spectra and the emission spectra of the 
Ir-cored molecules, RF,TPQ was calculated. For all those combinations a clear minimum of RF,TPQ is 
obtained when using an Ir-cored emitter with its emission located between the sub-bandgap and super-
bandgap absorption bands of the polaron. An example of such an ideal case is, an m-MTDATA host in 
combination bis[2-(2-pyridinyl-N)phenyl-C](acetylacetonato)iridium(III), (Ir(ppy)2(acac)) as a guest. In 
spite of various limitations, the method for obtaining RF,TPQ that has been developed in this work is 
expected to quickly provide material dependent information about Förster mediated TPQ in the future. 
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1. Introduction 
 
The importance of flat-screen full colour displays based on organic light-emitting diode (OLED) 
technology has increased significantly over the last years due to their advantages in comparison with the 
conventional optoelectronic devices [1,2]. Advantages such as low-cost production, flexibility, reduced 
weight and thickness, possible transparency, high contrast ratios, energy efficiency and decreased 
switching times have moved the industry from liquid crystal displays to OLED technology [3–5]. 

The first OLED was produced in 1987 by Tang and van Slyke [6]. For this device an organic molecule, 
8-hydroxyquinoline aluminium (Alq3) was used. This OLED led to an electroluminescent device with 
an external quantum efficiency (EQE) of 1%, a luminous efficacy of 1.5 lm/W and a brightness of  
1000 cd/m2.  

Roughly 30 years later after the first demonstration of the principle of OLED technology, these materials 
have already been incorporated in several mobile phones, such as the latest Samsung Galaxies and 
iPhones. These displays show a typical contrast ratio of 1:2000000, a maximum brightness of  
1200 cd/m2 and even flexible options [7,8]. 

1.1 General working principle of an OLED 
 
The basic working principle of an OLED is the conversion of electricity into light. Efficient conversion 
of electrical energy into radiant energy is usually accomplished by fabricating a device consisting of 
several layers. In Figure 1.1 the energy level structure and a schematic diagram of the charge transport 
process is shown. Starting at the anode side of the device, holes are injected in the highest occupied 
molecular orbital (HOMO) via the hole injection layer (HIL). These holes are then transported via the 
hole transport layer (HTL) to the emissive layer (EML). The electron has undergone a comparable 
pathway as the hole. It is injected from the cathode in the lowest unoccupied molecular orbital (LUMO) 
of the electron injection layer (EIL), then it is transported via the electron transport layer (ETL) to the 
EML. The electron and holes will be confined in the EML and form excitons, which ideally decay 
radiatively [9].  

 
Figure 1.1: Schematic overview of energy levels and charge transport in an OLED. Holes are inserted from the 
anode in the HIL which subsequently injects them in the HTL, then they transported to the EML. Electrons are 
inserted from the cathode in the EIL which subsequently injects them in the ETL, hereafter they are transported to 
the EML. At the EML the electron and hole ideally recombine radiatively. This Figure was taken from Ref. [10]. 
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At present, four variants of OLEDs are considered. In Figure 1.2, the generations developed until now 
are shown. The first generation, fluorescent OLEDs (F-OLED), make use of the radiative decay when 
an exciton relaxes from the S1 to the S0 state. Spin-statistics state that the generation of triplet states is 
75%, while singlet excitons only have a probability of 25% of being formed, this makes a fluorescent 
OLED less attractive as the triplet state does not decay radiatively [11,12]. The second-generation, 
phosphorescent OLEDs (Ph-OLED), make use of the radiative decay of triplet excitons from T1 to S0. 
Triplet excitons require a spin-flip upon relaxation to the ground state. A spin-flip is considered as a 
spin-forbidden transition, hence it will lead to non-radiative decay [13]. A spin-forbidden transition can 
be overcome by using spin-orbit coupling, where singlet and triplet character are mixed [14]. When 
spin-orbit coupling is used, the non-radiative recombination can be turned into radiative recombination: 
phosphorescence. A Ph-OLED could in theory obtain an internal quantum efficiency (IQE) of 100%, 
however, currently Ph-OLEDs are still limited in IQE by loss processes which cause roll-off, which will 
be discussed in section 1.2. The third generation OLEDs, thermally activated delayed fluorescence 
(TADF) OLEDs make use of reverse intersystem crossing (RISC). The non-radiative triplet state reverts 
by thermal excitation to the excited singlet state S1, from where it will decay radiatively. The fourth 
generation of OLEDs, are the hyperfluorescent OLEDs (HF-OLED), these make use of a charge transfer 
state, here a high energy triplet TCT is formed. The charge transfer triplet, TCT will transfer its energy via 
RISC to an excited state, SCT. This charge transfer state makes use of the singlet excited state, SLE to let 
the exciton decay radiatively [15]. 

 

Figure 1.2: Four generations of OLEDs with the 1st generation making use of fluorescent emission (F-OLED), 
the 2nd generation making use of phosphorescent emission from the triplet state (Ph-OLED), the 3rd generation 
using the thermally activated delayed fluorescence singlet emission (TADF-OLED) and the 4th generation utilizes 
a charge transfer complex transfers its exciton to a singlet state (HF-OLED). This Figure was adapted from 
Ref. [15]. 

In this thesis the focus will be on obtaining a better understanding of the efficiency of Ph-OLEDs. 
Typically, to make from the T1 to S0 transition a radiative emission, a heavy metal atom (e.g. iridium) 
is incorporated in the core of the organic emitter [15] This mixes singlet and triplet character of the 
excitons leading to radiative decay of the triplet exciton. By using intersystem crossing (ISC) efficiently 
in combination with an emissive triplet state, an IQE of 100% should be achievable. However, due to 
the relatively small admixture of singlet character in the T1, the emissive lifetime is in the order of 
microseconds, while the timescale of fluorescence is in the regime of nanoseconds [9]. These relative 
long lifetimes can enhance the probability for bimolecular interactions, which can lead to a reduced IQE 
(“IQE roll-off”) at high current densities.  

  



4 
 

1.2 Excitonic processes which determine roll-off 
 
Due to a longer lifetime, triplet excitons have a higher probability for bimolecular interactions. Two 
interactions that can contribute to the IQE roll-off are triplet-triplet annihilation (TTA) and triplet-
polaron quenching (TPQ) [16]. The word “polaron” indicates here an electron or a hole, together with 
the deformation of the molecule on which it is localized. In Figure 1.3 (a, b), the TTA and TPQ processes 
are visualized respectively. TTA can be viewed as a process where two triplets interact, and at least one 
will decay non-radiatively. TPQ can be understood as the interaction between a polaron and a triplet 
state. In TPQ, an emissive triplet state transfers its energy to a nearby polaron, after which the energy is 
lost non-radiatively [17]. TPQ can occur in several ways: with the polaron and triplet state on the host 
and on the guest molecule, respectively, or with the polaron and triplet both localized on a guest 
molecule.  

 

Figure 1.3: (a) TTA visualized, here a triplet exciton is formed, which interacts with another triplet state. Upon 
interaction, at least one triplet will decay non-radiatively. (b) TPQ visualized, here a triplet exciton is formed, 
which transfers its energy to a polaron. Subsequently the polaron increases in energy which is then lost non-
radiatively. This Figure was taken from Ref. [15]. 

For phosphorescent OLEDs, several studies indicate that TPQ is the major cause of efficiency roll-off 
with increasing luminance levels [18–20]. TPQ can be a nearest neighbour process, or can occur via a 
long-range Förster resonance energy transfer (FRET) mechanism, which makes use of dipole-dipole 
interaction [21]. From experiments it was found that in green- and blue-emitting OLEDs, TPQ is 
actually most likely to be a FRET process [21].  

The distance (R)-dependent TPQ rate is given by 

,( ) ,F TPQ
TPQ

R
r R

R
 

=  
  

6

1
     (1) 

where 1/τ is the effective decay rate and R the actual distance from donor to acceptor [21,22]. 
From Eq. (1) it can be noted that the TPQ rate is proportional to the sixth power of RF,TPQ, the so-called 
Förster radius. Hence it is of great importance to know this parameter.  
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1.3 Experimental methods for determining the Förster radius in TPQ processes 
 
In the previous paragraph, the importance of knowing RF,TPQ was emphasized. Several experimental 
techniques for the determination of RF,TPQ are known. Ligthart et al. prepared a unipolar OLED device 
(i.e. hole or electron only) [23]. Within this study, an approach of Wehrmeister et al. was used. A square 
wavefunction generator applies voltage pulses of 100 µS to the device. Halfway each voltage pulse, the 
device is photoexcited by a pulsed nitrogen laser. The time-dependent photoluminescence is then 
measured using a fast photodiode [20]. The relative photoluminescence efficiency and relative lifetime 
as a function of current density are then fitted using a kinetic Monte Carlo (kMC) model with RF,TPQ as 
variable. In order to model RF,TPQ properly, extensive device characterizations are required. Transport 
measurements and modelling have to be carried out, in combination with dissociation measurements 
and modelling [10]. The determination of RF,TPQ is time consuming due to the aforementioned 
measurements and simulations. 

An alternative approach of determining the RF,TPQ is by making use of the expression 

    6 2 4
, D A7 5 4

0

9 ln10 1 ( ) ( ) .
2F TPQ D

A

R I d
N n

      


  (2) 

Here NA = 6.021023 is Avogadro’s constant, n is the refractive index of the medium surrounding the 
donor and acceptor, ΦD is the quantum yield of the donor and κ is the orientation factor. The overlap 
integral consists of the normalized wavelength () dependent emission spectrum ID() of the 
phosphorescent emitter molecules and the absolute molar extinction spectrum A() of the polarons (i.e. 
cations or anions) [9]. Generally, the wavelength dependent emission spectrum, ID(), is well-known 
for numerous guest molecules [24]. However, the absolute absorbance spectrum is only rarely studied. 

Various experimental pathways have been used in the past to determine polaronic spectra of host 
molecules. One approach was used by Marchetti et al. In this approach an OLED host molecular layer 
is embedded in between a transparent electrode, indium tin oxide (ITO), and a reflective electrode, 
aluminium [25]. In Figure 1.4, the device structure used by Marchetti et al., is schematically depicted. 
A direct current (DC) bias is applied to the host molecule that is sandwiched between the aluminium 
and ITO. Charge modulation spectroscopy (CMS) is used to modulate the concentration of charged 
species, from which the modulated absorbance can be measured. 

 

Figure 1.4: Schematic device structure of the approached used by Marchetti et al. In this device an OLED host 
molecular layer is embedded between an ITO and aluminium electrode. By using CMS the polaronic spectra can 
be measured. 

However, for this method, also a contribution of electrochromism on neutral molecules has to be 
considered. This electrochromism will result in a change of the absorbance as result of the electric field 
rather than of creating a certain concentration of cations [26–28]. It is recommended to avoid the region 
of the spectrum where the neutral species absorbs, including any long-wavelength tail. 
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Another method was suggested by Matsushima et al. Here organic hole transporting layers are 
chemically doped with an oxidizing agent [29]. This doping is performed by co-evaporating an organic 
host molecule with an oxidizing agent, such as MoO3. In Figure 1.5, it is shown that the deep conduction 
band energy (CBE) of MoO3 leads to charge transfer from the HOMO of the organic molecule to the 
conduction band of the MoO3. This will effectively lead to an oxidized organic molecule, and a reduced 
MoO3 moiety. 

 

 

Figure 1.5: Schematic diagram of the chemical oxidation of an organic HTL. MoO3 is in proximity of an organic 
HTL. Subsequently an electron is transferred from the HOMO of the HTL to the CBE of MoO3. Effectively this 
creates an organic HTL cation. This Figure was adapted from Ref. [29]. 

The polaronic spectra can then be obtained by measuring the absorbance of the oxidized thin-film. A 
drawback of this method is the uncertainty about the oxidation fraction and the origin of absorption. 
This oxidation method is unable to provide a specific number of oxidized species. The extinction 
coefficient is therefore not trivial to determine. Next to that is it also not straightforward to exclude any 
absorbance effects of MoO3. 

For the three experimental approaches discussed up until now, several drawbacks are reviewed. They 
are time consuming due to extensive transport and dissociation measurements and simulations. For other 
approaches, side-effects in absorbance due to electrochromism and problems with quantifying the 
polaronic fraction are known. 

1.4 Scope and outline  
 
The various experimental approaches for deducing RF,TPQ that have been mentioned in the previous 
paragraph can be time-consuming or inaccurate. Hence a method for fast and quantifiable measurements 
of polaronic spectra for OLED host and emitter molecules is desired. In this thesis we use a method for 
producing solutions of charged molecules that was suggested by Dhanker et al. [30]. Then these 
solutions are used to obtain well-quantified polaron absorbance spectra which are suitable to determine 
RF,TPQ for a large number of systems. In the paper of Dhanker et al. a common OLED host material, 
N,N′-Bis(3-methylphenyl)-N,N′-diphenylbenzidine (TPD) is oxidized. Subsequently, the cation 
extinction spectrum is measured by an UV/Vis/NIR spectrophotometer. TPD is oxidized in solution, by 
using an electrochemical setup such as used in a cyclic voltammetry (CV) experiment. The experiment 
starts with a solution containing only neutral molecules. Then, the molecules are charged by applying a 
voltage to a working electrode, with respect to a reference electrode. Charge transfer to molecules very 
close to the working electrode leads to a gradual conversion from a solution containing only neutral 
molecules to a solution containing an increasing fraction of charged molecules. A typical timeframe for 
such an electrochemical experiment is in the order of one hour. 
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Whereas Dhanker et al. used this approach as a qualitative method, in this project it will be used in a 
quantitative manner. By measuring the current as a function of the time, I(t), one can determine the exact 
concentration of polarons from the number N of oxidized or reduced molecules, given by 

final

0

1 ( ) ,
t

N I t dt
e

=        (3) 

with e the elementary charge [31]. 

In contrast to the earlier mentioned methods, this technique can provide quickly an exact amount of 
polarons in solution. A solution containing a well-defined concentration of charged host molecules or 
emitter molecules will then be characterized with spectroscopy measurements, where absorbance from 
250 nm to 1500 nm will be recorded. Polaronic absorbance spectra will be used to calculate the molar 
extinction coefficient A(), which together with the normalized emission spectrum of the donor forms 
the basis for the overlap integral as stated in Eq. (2). If this approach can be shown to be fast and reliable, 
it will be perfect to generate a large library of polaronic spectra. These can then be used to calculate 
RF,TPQ for many systems. With a library of polaronic spectra, it is expected find trends in quenching 
phenomena, e.g. from a comparison between the observed quenching for various classes of molecules. 

Within this thesis the molecular classes of interest are triphenylamines, carbazoles and Ir-cored 
phosphorescent emitter molecules. Triphenylamines and carbazole-based molecules are well-known for 
their function in OLED host materials. In Figure 1.6, an overview of the various molecules studied are 
shown. In the first row triphenylamines are shown and in the second row carbazole moieties are 
displayed. In the third row the Ir-cored molecules are depicted, with their emission ranging from the 
blue end to the red end of the optical spectrum. 

 

Figure 1.6: General overview of the OLED host and guest materials studied within this thesis. In the first row 
triphenylamines are shown, the second row includes the carbazole moieties. And in the third row Ir-cored 
phosphorescent emitter molecules are depicted, with their colour indicating the emission colour. 
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In this study it is of great importance to measure the absorbance spectra as accurately as possible. 
Measurement inaccuracies can have various causes. From an electrochemical point of view, polaronic 
instability and side reactions during oxidation, such as polymerization and double oxidation are 
possible [25,32]. In an actual OLED, bipolarons are considered as negligible due to coulombic repulsion 
of the charges, therefore, in this thesis the focus will be on singly charged species [30]. Spectrometric 
errors can be an issue as well. For instance the possible complications due to the reflectance of the 
cuvette have to be well-known for the determination of RF,TPQ. However, as shown in Eq. (2), the overlap 
integral, and therefore, the molar extinction coefficient, scale with the sixth power of RF,TPQ.. Hence it 
may be noted that a relatively large inaccuracy in molar extinction coefficient will still lead to a small 
error in RF,TPQ. As an OLED operates in a thin-film environment, absorbance spectra of cations and 
anions in thin-film are desired. Therefore, also a comparison between the absorbance in a solution and 
a thin-film environment will be made, as absorbance can be influenced by the molecules its 
surroundings [33,34].  

Another element of this thesis will be the comparison between experimental and simulated polaronic 
spectra. Furthermore, as quenching could occur on the host and guest sites in the emissive layer, it is of 
great interest to deduce polaronic spectra for host and guest molecules. From literature [35,36] and from 
unpublished work that has been carried out within our group [37], the results of Density functional 
theory (DFT) calculations of polaronic spectra for several OLED host molecules are available. These 
calculations provide electron (anion) and hole (cation) spectra for numerous OLED host molecules. For 
Ir-cored molecules limited DFT calculations for HOMO and LUMO energies are available. 

In Figure 1.7, a general overview of the approach in this project is shown. An electrochemical approach 
suggested by Dhanker et al. will be used to generate polarons in solution. As charged molecules could 
be unstable in solution, the accuracy of the experimental approach will also be discussed critically. For 
every charged solution an absorbance spectrum will be measured, which subsequently is compared to 
theoretical models. By combining reliable absorbance spectra, with well-known emission spectra, RF,TPQ 

will be calculated. For those host and guest molecules for which the measurement results can be regarded 
as reliable, a library of Förster radii for different donor-acceptor systems will be made.  

 

Figure 1.7: Schematic overview of the approach in this project. First electrochemical oxidation or reduction will 
be used to create cations or anions respectively. Subsequently these are characterized with spectroscopy. To check 
the agreement of the experimental results, a comparison with DFT spectra is made. From the reliable absorbance 
spectra RF,TPQ will be calculated. 

In the next chapter of this thesis, the methods for quantifying the TPQ Förster radii discussed in the 
Introduction will be further elaborated. In the chapter ‘Experimental’, the basic theory and the 
experimental methods used for accurately characterizing polaronic absorbance spectra are discussed. In 
the chapter ‘Results and discussion’, the obtained results with these experimental techniques will be 
shown, interpreted and discussed. After discussion of the results, an overview of the results will be given 
in the chapter ‘Summary’. Finally, in the ‘Conclusions and Outlook’ chapter, conclusions and a view on 
possible future developments will be outlined. 
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2. Experimental 
 
In this chapter, the experimental methods used in this study will be discussed. In section 2.1, the 
electrochemical techniques will be discussed. Here the theory and general approach for CV 
measurements and bulk electrolysis (BE) experiments will be outlined. In section 2.2 the spectroscopic 
approach will be discussed. Here, the consequence of dilution on the cationic or anionic species will be 
argued. The effect of various molecular environments (i.e. solvents, thin-film or gas-phase) on the 
absorbance will be discussed. Also, the theory of sub-bandgap and super-bandgap excitations, which is 
important for understanding the polaronic spectra is briefly explained. 

2.1 Electrochemistry 
 
This section is subdivided in subsection 2.1.1, which considers the basic theory of electrochemistry, 
focussing on cyclic voltammetry. In subsection 2.1.2 the focus will be on the experimental details and 
approach used. 

2.1.1 Electrochemistry theory 
 
In this study cyclic voltammetry and bulk electrolysis were used. In a typical electrochemical system, 
charge is transported through an ionic conductor, i.e. a dissolved electrolyte salt. Between these two 
electrodes a potential difference is present, this is the energy available to drive charge transport between 
the electrodes [38]. In Figure 2.1 a three-electrode setup used for measuring CV is shown. The setup 
consists of a working electrode, a counter electrode and a reference electrode. When measuring a 
voltammogram, a potential is swept between the working and reference electrode. By sweeping the 
potential difference between these electrodes, the Fermi level of the electrode aligns with the relevant 
frontier orbital energy level (HOMO or LUMO) of the molecules nearby the electrode surface. This 
alignment will lead to a flow of electrons. Hence a current will flow for potentials close to the energy 
levels of the molecule studied (i.e. HOMO for oxidation or LUMO for reduction) [39].  

 
Figure 2.1: Schematic representation of a three-electrode setup consisting of a working electrode, a counter 
electrode and a reference electrode. This setup is typically used for measuring cyclic voltammograms.  
This Figure was taken from Ref. [39]. 

As the electrode in a CV measurement is usually of a small surface area, electron transfer will lead to a 
depletion of electroactive species near the electrode. The depletion of active species explains the peak 
shape in a voltammogram. First energy levels align which will induce charges to flow between the 
electroactive molecule and the electrode, then the current increases. After a certain transferred charge, 
the electroactive molecules are depleted near the electrode, and the current decreases [38]. Several 
parameters determine the quality of a CV measurement, such as the solvent, the electrolyte salts and the 
electrodes [39]. As a broad range of molecules will be studied electrochemically, the solvent will be the 
most important parameter. Solvents have different electrochemical windows, solubilities and impurity 
levels.  
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2.1.2 Electrochemical approach 
 
All cyclic voltammetry measurements were conducted in a nitrogen-filled glovebox with a Biologic 
VSP potentiostat using a three-electrode electrochemical cell, consisting of a glassy carbon disk working 
electrode (710-6 m2, BASi), and an Ag/Ag+ reference electrode (BASi) with 0.01 mol dm-3  
silver tetrafluoroborate (AgBF4, Sigma) in acetonitrile (ACN) (Acros Organics), and a platinum wire 
counter electrode. All the solutions, contained approximately 510-3 mol dm-3 of electroactive material 
and 0.1 mol dm-3 tetrabutylammonium hexafluorophosphate (NBu4PF6, Sigma) as electrolyte salt. 
Ferrocene was used as an internal standard ((1 – 10)10-3 mol dm-3) for the CV measurements. Linear 
potential sweeps were carried out at room temperature with a scan rate of υ = 0.1 V s-1. CV measurements 
have been performed in (ACN), dichloromethane (DCM) and tetrahydrofuran (THF) (Acros Organics). 

All bulk electrolysis oxidation/reduction measurements were carried out in a nitrogen-filled glovebox 
with a Biologic VSP potentiostat in a glass H-cell with a P5 porous glass frit (1.0 – 1.6 µm pore size). 
High surface area electrodes of reticulated vitreous carbon (∼ 710-3 m2 surface area) were used. The 
working side of the H-cell was equipped with an Ag/Ag+ reference electrode containing 0.01 mol dm-3 
AgBF4. The sample contained 510-3 mol dm-3 of electroactive sample and 0.1 mol dm-3 NBu4PF6. Both 
sides of the H-cell were loaded with 5⋅mL solution and stirred continuously during the oxidation or 
reduction at a current of 2.0 mA at maximum. To minimize crossover effects from reduction to oxidation 
side of the cell, the bulk electrolysis process was limited in time to approximately one hour.  

The setup used for bulk electrolysis, a so-called H-cell, is shown in Figure 2.2. Between the working 
electrode and the reference electrode a previously determined potential difference (from a CV 
measurement), was applied. By the gradual conversion of neutral molecules to cations or anions a 
concentration gradient arises. Over time, the reactant-poor/product-rich zone will expand further away 
from the electrode [31,40]. 

 
Figure 2.2: Representation of a H-cell used for bulk electrolysis. The cell consists of a working electrode and 
reference electrode in one chamber, and a counter electrode in the other chamber of the cell. This Figure was 
adapted from Ref. [41]. 

After the conversion of neutral molecules to cations or anions has taken place, Eq. (3) can be combined 
with the theoretical required charge resulting into Eq. (4). The integrated current over time and the 
calculated charge for full conversion are used to determine the state of charge (SOC) using the following 
relation 

final

0

( )
,

t

A

I t dt
SOC

n N e
     (4) 

with n, the total number of moles present in a half cell. By multiplying the SOC with the total 
concentration of dissolved molecules, the concentration of charged species is obtained.  
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2.2 Spectroscopy 
 
This section is subdivided in the theory of absorbance spectroscopy which is discussed in subsection 
2.2.1. In subsection 2.2.2, the spectroscopic approach will be outlined. The influence of the molecular 
environment on the absorbance will be shortly discussed in subsection 2.2.3. The effect of dilution on 
charged species is considered in subsection 2.2.4. And the theory about sub-bandgap excitations are 
briefly reviewed in subsection 2.2.5. 

2.2.1 Theory of absorbance spectroscopy  
 
An UV/Vis/NIR spectrophotometer is used for measuring polaronic spectra. Absorbance spectroscopy 
measures the amount of light absorbed by a sample over a range of wavelengths defined by the 
electromagnetic spectrum (i.e. energies) [42,43]. Absorbance is a wavelength dependent function for 
every specific molecule. Absorption of photons is described by the Beer-Lambert Law [44] 

log( ) ,T A lc      (5) 

where T is the transmittance of light through the sample, A is the absorbance, ε is the molar extinction 
coefficient, l is the pathlength of the light and c is the concentration of the chromophore. The 
transmission is measured over the entire wavelength range. The transmission is defined as the ratio of 
the incident and transmitted light intensity through the sample [42] 

0

,IT
I

      (6) 

where I and I0 are the transmitted and incident light intensities respectively. In Figure 2.3 a schematic 
overview of a dual-beam absorbance spectrophotometer is shown. Radiation from the light source is 
split into two beams. The beams are passed alternately through the sample and a reference cell which 
contains everything except the molecule of interest. Then the beams are brought together in a beam 
combiner. A diffraction grating and a detector are then used to obtain an electrical signal that provides 
the wavelength-dependent transmission spectrum.  

 

Figure 2.3: Schematic overview of a spectrophotometer. Light reaches via mirrors the sample and reference cell, 
then the beams recombine. The diffraction grating separates a narrow region of wavelengths which can reach the 
detector. This Figure was taken from Ref. [45]. 

  



12 
 

2.2.2 Spectroscopic approach 

All absorbance spectra were recorded at room temperature with a PerkinElmer LAMBDA 1050+ 
UV/Vis/NIR Spectrophotometer. Spectra have been measured in DCM, ACN, THF, o-dichlorobenzene 
(ODCB) and dimethyl sulfoxide (DMSO) (Acros Organics). In the chapter ‘Results and Discussion’ the 
solvent for each spectrum will be specified. The absorbance spectra of all the molecules were recorded 
from wavelengths ranging for 250 nm up to 1500 nm. By using the Beer-Lambert law as shown  
in Eq. (5), the molar extinction coefficient was calculated. As the Beer-Lambert law is straightforward 
for stable species, it is less straightforward for reactive species such as charged molecules. Extra 
precautions for characterizing charged species have to be taken, as they could react with numerous 
impurities present in solvents [46]. A typical concentration for bulk electrolysis is in the order 
of 10-3 mol dm-3. However, the concentration for absorbance spectroscopy, with a standard 10 mm 
cuvette, is in the range of 10-6 mol dm-3. This concentration difference suggests according to the Beer-
Lambert law, a thousandfold decrease in concentration, or in cuvette pathlength. Decreasing the 
concentration (i.e. dilution) leads to an unwanted higher amount of impurities, which could react with 
the electrochemically generated species. Therefore, the optical pathlength could be decreased. In this 
thesis, two types of cuvettes were used. A Hellma Sealable Quartz Cell with a pathlength 10.00 mm for 
experiments which comprised dilution of the analyte. For the experiments without dilution, a Hellma 
demountable Quartz Cell with a pathlength 0.1 ± 0.005 mm was chosen. 

2.2.3 Effect of molecular surroundings on absorbance 
 
For this study it is of importance to be able to make a translation between a measured absorbance 
spectrum in solution to an absorbance spectrum in a thin-film environment (such as in an OLED) and in 
a gas-phase (vacuum) environment (such as assumed in DFT calculation). The presence of the solvent 
could influence many properties of a molecule, such as its ground and excited state geometry, dipole 
moment and excitation energy [34,47]. These factors therefore affect the absorbance spectrum, which 
in turn influence the overlap integral. There are several origins, e.g. a difference in refractive index, 
affecting the screening of the ground- and exited state, or the formation of aggregates in a thin-film 
environment, which cause variations in absorbances in a different environments [48–50]. A correlation 
for the effect of dielectric screening by the medium can be obtained by measuring the energy of the 
absorbance peak maximum (ν) in solvents with different refractive indices in combination with the 
relation [28] 

'
3

0

(0)
2

Dv v f
a

     (7) 

2
'

2

1 ,
2 1
nf
n

     (8) 

in which ν(0) is the energy of the absorbance maximum in the gas-phase, a is the radius of the solvent 
cavity needed to host a dissolved molecule, ε0 is the vacuum permittivity, and n is the refractive index 
of the solvent. The variable D describes the difference between interactions in the ground and excited 
state of the solute molecule, as the square difference of the dipole moments [34]. Since a and D are 
generally unknown, ν is plotted as a function of f’ to obtain the slope, which entails a and D. In a thin-
film environment (n ≈ 1.7), a redshift due to screening of the medium and aggregation effects are 
expected, leading to broadening of the absorbance band [50]. Therefore, it is also relevant to study the 
absorbance spectrum of a molecule in these two varying environments.  
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2.2.4 Effect of dilution on polaronic spectra 
 
An important challenge of measuring polaronic spectra was already discussed in subsection 2.2.2. Here 
it was stated that the concentration of an electrochemical system generally differs a factor thousand with 
the concentration used for absorbance spectroscopy. This implies that the system has to be diluted after 
a bulk electrolysis. Dilution introduces extra impurities, which could degrade a polaron, and could lead 
to a faster neutralization [46]. In Figure 2.4 the difference between a system that requires dilution (i.e. a 
10 mm cuvette) and one which does not (i.e. a 0.1 mm cuvette) is shown. For a diluted solution of 
oxidized t-Bu-CBP, the low-energy peaks (at ∼ 800 nm) associated with the polarons disappeared. 
However, for the undiluted solution the low-energy peak is still clearly observable. Therefore, dilution 
has to be omitted.  

400 600 800 1000 1200 1400

(a) t-Bu-CBP measured in a 10 mm cuvette. 400 diluted

(b) t-Bu-CBP measured in a 0.1 mm cuvette. Undiluted
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Figure 2.4: Normalized absorbance spectra of an identical sample of oxidized t-Bu-CBP, measured in (a) 10 mm 
cuvette and (b) 0.1 mm cuvette. In the 10 mm cuvette, no low energy absorbance peak is identified, while it is 
present in the 0.1 mm cuvette. 
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2.2.5 Super-bandgap and sub-bandgap excitations 
 
Polarons are known to display dissimilar absorbance spectra compared to the same uncharged 
molecule [9,29,51]. This phenomenon can be ascribed to super and sub-bandgap excitations. In a 
polaron, at least one hole is present in the HOMO, or one electron the LUMO. In Figure 2.5 (a), the 
possible transitions in a neutral molecule are shown. Here only super bandgap (i.e. energies larger than 
the bandgap) excitations can take place. In Figure 2.5 (b-c), transitions for a positively or negatively 
charged (bi)polarons, are shown. From this energy diagram, it can be noticed that for polarons transitions 
of lower energy are possible for, which could give rise to absorbance bands at higher wavelengths [51].  

 

Figure 2.5: Overview of super-bandgap sub-bandgap excitations. (a) A neutral molecule can have only super-
bandgap excitations, (b-c) A half-filled or empty orbital can give rise to sub-bandgap excitations, these are 
generally found in polaronic spectra. This Figure was adapted from Ref. [9]. 

Lower energy transitions, especially in the range of 1.5 – 3 eV, are important for Förster mediated TPQ. 
Phosphorescent molecules emit light within this energy window, therefore a FRET mediated process 
could take place efficiently in this energy range. 
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3. Results and discussion 
 
In this chapter, first the results obtained from cyclic voltammetry and bulk electrolysis will be discussed 
(section 3.1). In section 3.2 the results obtained from absorbance spectroscopy of solutions of oxidized 
molecules are shown and compared with theoretical data. In section 3.3 a library with Förster radii for 
several host – guest systems will be presented. 

3.1 Electrochemical results 
 
The electrochemical results are subdivided in subsection 3.1.1 where the solvent selection is discussed, 
subsection 3.1.2, that contains the measured cyclic voltammograms of the host molecules are presented 
and subsection 3.1.3, in which the measured cyclic voltammograms of Ir-cored phosphorescent guest 
molecules are presented. The results of the bulk electrolysis experiments are discussed in 
subsection 3.1.4. 

3.1.1 Solvent selection 
 
Before discussing the cyclic voltammograms of the set of molecules that has been selected, the choice 
of the solvents used is motivated. Ideally, the selected solvent leads to a reversible oxidation or reduction 
reaction of the species under study. Furthermore, the solvent should not react at the applied potentials. 
And lastly, the molecules of interest should be well-dissolved. The suitability with respect to the first 
two criteria has been studied for three solvents: DCM, THF and ACN.  

The electrochemical properties of the main solvents in this study are shown in Figure 3.1. 
In Figure 3.1 (a) the peak separation of an internal standard, ferrocene is shown. For an ideal case, a 
peak separation (ΔVp) of (57/n) mV is expected, with n the number of electrons involved in the 
reaction [38,52,53]. As the oxidation of ferrocene is an one-electron process, a value ΔVp = 57 mV is 
expected in the ideal case. In ACN a value ΔVp = 69 mV was observed for it, which is very close to the 
theoretical limit of 57 mV [52]. In DCM a larger value ΔVp = 153 mV, was found. However, the reaction 
was still considered quasi-reversible [53,54]. Ferrocene exhibits the largest peak separation in THF, 
namely ΔVp = 479 mV, which is therefore considered as electrochemically irreversible [53]. From the 
observed values of ΔVp it can be noted that in ACN less overpotential is needed than the other two 
solvents. The overpotential is a sum of mass-transfer and charge-transfer losses. Hence a large 
overpotential indicates poor mass-transfer or charge-transfer [38]. The conversion of a potential with 
respect to the Ag/Ag+ reference to a potential with respect to a Fc/Fc+ reference can also be deduced 
from Figure 3.1 (a ). For dissolution in ACN, DCM and THF, the oxidation potential of the Fc/Fc+ redox 
couple was found, at 0.09 V, 0.24 and 0.22 versus Ag/Ag+ respectively. In order to obtain the potential 
with respect to a Fc/Fc+ reference from a measurement with respect to Ag/Ag+ reference, these voltages 
have to be subtracted from the measured values. E.g. 0.24 V when using a DCM solution.  

Another important selection criterion is the electrochemical window. Figure 3.1 (b) shows that ACN has 
an operational window ranging from approximately –3.1 V to +3.4 V vs Ag/Ag+ and DCM shows a 
window from –2.4 V to +3.4 V vs Ag/Ag+. The electrochemical window of THF seems very narrow, 
oxidation and reduction also appear to occur gradually over the whole operational window. From this 
figure, it could be argued that ACN is the most suitable solvent for performing electrochemical 
measurements. However, the third selection criterion is the solubility of the molecules studied. As 
triphenylamines and carbazole molecules do not dissolve in polar solvents such as ACN, a non-polar 
(i.e. low dielectric constant  εr ∼ 3 – 10) solvent should be considered, such as DCM. The majority of 
OLED host molecules dissolve in it. Therefore this solvent was selected for carrying out the bulk 
oxidation experiments for the host molecules. 
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Figure 3.1: Electrochemical properties of common used solvents (a) Peak to peak separation shown for 
(1 – 10)10-3 mol dm-3 ferrocene and 0.1 mol dm-3 NBu4PF6. (b) The electrochemical window shown for the 
solvent including 0.1 mol dm-3 NBu4PF6. The measurements were performed with a scan rate of υ = 0.1 V s-1. 

3.1.2 Cyclic voltammograms of host materials 

After the solvent selection for the electrochemistry, cyclic voltammetry measurements of the selected 
molecules were performed. The full and abbreviated names of all studied host materials are given in 
Table 3.1. 

Table 3.1: Abbreviation to full name conversion table for the host molecules in this study. 

Abbreviation Full name 
TPD N,N′-Bis(3-methylphenyl)-N,N′-diphenylbenzidine 
NPB N,N′-Di(1-naphthyl)-N,N′-diphenyl-(1,1′-biphenyl)-4,4′-diamine   
α-NPD 2,2′-Dimethyl-N,N′-di-[(1-naphthyl)-N,N′-diphenyl]-1,1′-biphenyl-4,4′-diamine 
m-MTDATA 4,4',4''-Tris[phenyl(m-tolyl)amino]triphenylamine 
2-TNATA 4,4',4''-Tris[2-naphthyl(phenyl)amino]triphenylamine  
CBP 4,4′-Bis(N-carbazolyl)-1,1′-biphenyl  
TCTA Tris(4-carbazoyl-9-ylphenyl)amine  
t-Bu-CBP 9,9′-[1,1′-Biphenyl]-4,4′-diylbis[3,6-bis(1,1-dimethyl ethyl)]-9H-carbazole 
CzSi 9-(4-tert-Butylphenyl)-3,6-bis(triphenylsilyl)-9H-carbazole  
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In Figure 3.2 (a-c) cyclic voltammograms of TPD, NPB and α-NPD are shown. The first and second 
oxidation of TPD and NPB show a reversible electrochemistry, with a first oxidation potential of  
0.26 V and 0.32 V versus Fc/Fc+ respectively. From the voltammogram of α-NPD it may be noted that 
the different cycles are not reproducible. The oxidation process is therefore considered as irreversible. 
Two slightly larger triphenylamines, m-MTDATA and 2-TNATA (see Figure 3.2 (d, e)) show a 
reversible first and second oxidation reaction, with a well-defined peak separation. The first oxidation 
potential of m-MTDATA and 2-TNATA were found to be at 0.08 V and 0.13 V versus Ag/Ag+ 
respectively. As the oxidation potential of ferrocene is also in this region, it was not possible to measure 
a voltammogram versus Fc/Fc+. In Figure 3.2 (d, e) the standard conversion of the Ag/Ag+ to Fc/Fc+ 
scale (subsection 3.1.1), has therefore been applied to the measurement results for these molecules. 
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Figure 3.2: Cyclic voltammograms of all triphenylamines that have been included in this study. (a) TPD,  
(b) NPB, (c) α-NPD, (d) m-MTDATA and (e) 2-TNATA. The scan direction is indicated with the blue arrow. 
The cycle number for the CV measurement of α-NPD is indicated with numbers 1, 2 and 3 respectively. For 
panels (d) and (e) the potential versus Fc/Fc+ was obtained by using Figure 3.1. The measurements were 
performed in DCM with a scan rate of υ = 0.1 V s-1. 
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Besides the triphenylamines, also CV measurements for four carbazole-based molecules have been 
carried out. These results are shown in Figure 3.3 The carbazoles that were initially studied are CBP and 
TCTA. The figure shows that CBP (panel (a)) and TCTA (panel (b)) have an irreversible 
electrochemistry. For each scan cycle a difference in peak current and oxidation potential can be 
observed. This is a familiar problem for carbazole containing molecules, for which 
electropolymerization is well-known. In particular, this phenomenon is well known to occur at the para 
positions of the carbazoles nitrogen atom for these two molecules [55–57]. It is also known how 
polymerization at the para positions of carbazoles can be prevented, viz. by adding a protecting group 
on the para position [58]. From panels (c) and (d), which give results for the molecules t-Bu-CBP and 
CzSi within which the para positions of the carbazoles are “protected” (see the molecular structure in 
Figure 1.6). It may be seen that such an adaptation of the molecular structure leads indeed to reversible 
voltammograms. The observation of a reversible voltammograms indicates the absence of side reactions 
on the timescale of the cyclic voltammetry experiment [39]. The first oxidation potentials versus Fc/Fc+ 
are 0.76 V for t-Bu-CBP and 0.94 V for CzSi. 
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Figure 3.3: Cyclic voltammograms of all the carbazole-based molecules that have been included in this study.  
(a) CBP, (b) TCTA, (c) t-Bu-CBP and (d) CzSi. The scan direction is indicated with the blue arrow. The cycle 
number for the CV measurement CBP and TCTA is indicated with numbers 1,2 and 3 respectively. For panels 
(c) and (d) the potential versus Fc/Fc+ was obtained by using Figure 3.1. The measurements were performed in 
DCM with a scan rate of υ = 0.1 V s-1. 
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3.1.3 Cyclic voltammograms of Ir-cored phosphorescent guest materials 

Furthermore, also voltammograms of phosphorescent Ir-cored emitters have been measured.  
In Table 3.2, the full and abbreviated names of all Ir-cored molecules that have been studied are given. 

Table 3.2: Abbreviation to full name conversion table for the phosphorescent Ir-cored emitters in this study. 

Abbreviation Full name 
FIrPic Bis[2-(4,6-difluorophenyl)pyridinato-C2,N](picolinato)iridium 
Ir(ppy)3 Tris(2-phenylpyridine)iridium(III) 
Ir(ppy)2(acac) bis[2-(2-pyridinyl-N)phenyl-C](acetylacetonato)iridium(III)  
Ir(BT)2(acac) Bis(2-benzo[b]thiophen-2-ylpyridine)(acetylacetonate)iridium(III)  
Ir(MDQ)2(acac) Bis(2-methyldibenzo[f,h]quinoxaline)(acetylacetonate) iridium(III)  

In Figure 3.4, cyclic voltammograms of FIrPic, Ir(ppy)3, Ir(ppy)2(acac), Ir(BT)2(acac) and 
Ir(MDQ)2(acac) are shown. FIrPic, Ir(ppy)2(acac) and Ir(BT)2(acac) were dissolved in ACN, and 
Ir(ppy)3 and Ir(MDQ)2(acac) were dissolved in a 1:1 toluene/ACN mixture because of the limited 
solubility in ACN. From a visual inspection of the voltammograms, it appears that FIrPic shows a quite 
reversible oxidation and an asymmetric reduction. The oxidation of Ir(ppy)3 appears to be quite 
reversible, however the reduction wave is asymmetric. Ir(ppy)2(acac) shows a reversible oxidation. 
However the reduction wave suggests irreversibility. Ir(BT)2(acac) seems to have a decent reversible 
oxidation and reduction. For Ir(MDQ)2(acac) the oxidation and the reduction appear to be reversible. 
From the latter voltammogram, a relative low current is observed. This could be explained due to a low 
solubility in the toluene/ACN mixture. 
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Figure 3.4: Cyclic voltammograms of all the Ir-cored phosphorescent emitters that have been included in this 
study. (a) FIrPic in ACN, (b) Ir(ppy)3 in 1:1 toluene/ACN, (c) Ir(ppy)2(acac) in ACN, (d) Ir(BT)2(acac) in ACN 
and (e) Ir(MDQ)2(acac) in 1:1 toluene/ACN. The scan direction is indicated with the blue arrow. The potential 
was measured versus ferrocene/ferrocene+ (Fc/Fc+). The oxidation and reduction potentials are indicated with the 
dashed blue line. The measurements were performed with a scan rate of υ = 0.1 V s-1. 
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Table 3.3 summarizes the oxidation and reduction potentials (VOX and VRED respectively). From the first 
column it may be noted that FIrPic has the highest oxidation potential and that Ir(ppy)3 has the lowest 
oxidation potential. Ir(ppy)3 shows the most negative reduction potential. For Ir(MDQ)2(acac) the 
reduction potential is found to be significantly less negative then for the other emitters. Interestingly, 
the oxidation and reduction potentials of Ir(ppy)3 and Ir(ppy)2(acac) are shifted by ∼ 200 mV with 
respect to each other. However the difference of the oxidation and reduction potentials is very similar 
(3.08 and 3.02, respectively). 

Besides the oxidation potentials, also the anodic (pa) and cathodic peak currents (pc) were determined 
(see Appendix 7.1). The value of their peak ratio provides information about the reversibility of the 
electrochemical reaction. Ideally, the ratio should be close to one. FIrPic shows the largest deviation for 
the oxidation pa/pc ratio, thus the oxidation current is relatively larger than the reduction current. This is 
an indication for instability of the reduced product. Ir(ppy)2(acac) shows a pa/pc ratio that is closest to 
unity. Ir(ppy)3, Ir(BT)2(acac) and Ir(MDQ)2(acac) display a larger pa/pc ratio. That suggests an instability 
on the timescale of the cyclic voltammetry experiment. The pa/pc ratio for the reduction reaction was 
more difficult to determine due to complications with the determination of the baseline. Only for FIrPic 
this ratio was determined. Which also showed a large deviation from unity. 

Table 3.3: Electrochemical values obtained for Ir-cored emitters. Oxidation and reduction anodic/cathodic (pa/pc) 
peak current ratios. A: measured in ACN; B: measured in 1:1 toluene/ACN. 
 

VOX (V versus Fc/Fc+) VRED (V versus Fc/Fc+) Oxidation 
pa/pc (-) 

Reduction 
pa/pc (-) 

FIrPicA 0.90 – 2.28 1.32 0.77 
Ir(ppy)3

B 0.28 – 2.80 1.16 – 
Ir(ppy)2(acac)A 0.43 – 2.59 1.09 – 
Ir(BT)2(acac)A 0.57 – 2.26 1.12 – 

Ir(MDQ)2(acac)B 0.56 – 1.98 1.16 – 
 

3.1.4 Bulk electrolysis 

In this subsection the stability of the molecules during a bulk electrolysis, which takes about one hour, 
is studied. It is crucial that the polarons do not react further upon oxidation or reduction. One indication 
for stable bulk electrolysis, is an exponential decay of current over time, while keeping the potential 
constant. When molecules are oxidized, the supply of neutral species decreases, and therefore the current 
should decrease over time when keeping the potential constant. Figure 3.5 (a) shows that the oxidation 
of m-MTDATA in DCM shows such an ideal decrease of current. The concentration of neutral 
molecules of m-MTDATA decreases over time and the concentration of m-MTDATA+ increases. At a 
constant potential, the current therefore decreases with time. The bulk electrolysis is first performed at 
a constant current with a specific voltage as setpoint. Whenever this setpoint is reached, the potential is 
kept constant. In Figure 3.5 (a) it can be seen that after t = 310 s, the constant current regime changes 
into a variable current (i.e. constant potential). 
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Figure 3.5: Current plotted as a function of time during a bulk electrolysis. (a) m-MTDATA, (b) t-Bu-CBP and 
in (c) CzSi bulk electrolysis in DCM. The concentration of the electroactive material was  ∼ 5 10-3 mol dm-3. 

Also for m-MTDATA and the other triphenylamines with a well-defined voltammogram, an ideal 
current versus time behaviour was found. However, the current for the t-Bu-CBP and the CzSi bulk 
oxidation does not appear to decrease over time. For t-Bu-CBP, it is known that the second oxidation 
potential differs only by 0.04 V from the first oxidation potential [58]. The observed time-independence 
of the current for t-Bu-CBP could therefore be partially explained by an instantaneous second oxidation. 
This would lead to a longer oxidation time. Therefore, no significant decrease of the current has been 
observed during the first 4000 seconds of the bulk electrolysis experiment. The constant current in the 
oxidation of CzSi cannot be explained by double oxidation, since CzSi consists of only one nitrogen 
atom (see Figure 1.6). Seemingly an electrochemical side reaction takes place. However this seems to 
happen on a rather long timescale, as in Figure 3.3(d) no signs of instability could be noticed. To be able 
to study the extinction spectra of the carbazole molecules, t-Bu-CBP and CzSi, linearity checks have to 
be done. In Appendix 7.2 the extinction spectrum as a function of the state of charge is shown to confirm 
the linearity of charging. For t-Bu-CBP it may be noticed that the absorbance band intensity increases 
linearly with state of charge. Since a double oxidation of t-Bu-CBP leads to a linear increase of 
extinction in the region of interest, an extrapolation to a 100% polaronic spectrum is used. For CzSi the 
linear regime is only observed in the narrow region from 0 – 15% state of charge. Therefore, only these 
datapoints were used for the extrapolation that was used to estimate the 100% polaronic spectrum. 
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For the Ir-cored phosphorescent emitters a similar approach was used. The current during oxidation was 
found to decrease over time for all emitters except for FIrPic. FIrPic has the highest oxidation potential 
(see Figure 3.4). It has therefore the least stable cationic state. The current during reduction of the Ir-
cored molecules, showed only for Ir(BT)2(acac) a decrease over time. As may be seen from the 
voltammograms in Figure 3.4, Ir(BT)2(acac) has the least negative reduction potential. I.e. this molecule 
has the most stable anionic state in the set of molecules that has been studied.  

In order to study the oxidation and reduction process of the molecules during a bulk electrolysis in more 
detail, cyclic bulk electrolysis experiments have been performed. The oxidation stability of the 
molecules is assessed by first oxidizing (or reducing) a large fraction of the solution. By reaching a 
specific potential, the potential is changed. The cationic or anionic molecules will then be reduced 
(or oxidized) back to the neutral state. In an ideal reversible system, this experiment would show a 
discharge:charge ratio (“reversibility”) close to one. In Figure 3.6, the time-dependence of the state of 
charge is shown for various systems. For the oxidation of the triphenylamines TPD (panel(a)) and  
2-TNATA (panel(b)) a reversible oxidation/reduction cycle is found, with a reversibility of about of 
95%. For t-Bu-CBP an ‘overcharge’ is noticed, and a reversibility of only 78% is measured. As the 
second oxidation is very close, some molecules could already be doubly oxidized, which would explain 
the overcharge. The cyclic behaviour of CzSi is a clear indication for side reactions, since the 
reversibility is only 26%. Also the oxidation of Ir(ppy)2(acac) might go along with side reactions, as the 
reversibility is 65%. The reduction of Ir(ppy)2(acac) demonstrates a total irreversibility, which indicate 
severe side reactions. Since the reduction of Ir(ppy)2(acac) appears to be totally irreversible, only the 
cationic spectra of Ir molecules will be discussed in upcoming subsection. However, due to the low 
reversibility of the oxidation of the Ir molecules, spectra should be interpreted with care. This expresses 
itself also in the discrepancy of the initial and final voltammogram of these molecules. These 
voltammograms are shown in Appendix 7.3. 
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Figure 3.6: Cyclic bulk electrolysis for a selection of the molecules that have been included in this study. The 
state of charge is plotted as a function of time for (a) oxidation TPD, (b) oxidation 2-TNATA, (c) oxidation t-Bu-
CBP, (d) oxidation CzSi, (e) oxidation Ir(ppy)2(acac) and (f) reduction Ir(ppy)2(acac). The theoretical maximum 
SOC = 100% is indicated with a dashed blue line. 
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3.2 Absorbance spectroscopy results 
 
In this section, first the measured absorbance spectra of neutral and polaronic molecules will be 
presented and discussed (subsection 3.2.1). Next, the sensitivity of the spectra to the surroundings, in a 
solvent or in a thin-film, will be evaluated (subsection 3.2.2). Finally, in subsection 3.2.3 a comparison 
will be given with cationic absorbance spectra that have been obtained in Refs. [37,58] from gas-phase 
DFT calculations. 

3.2.1 Neutral and polaronic absorbance spectra 
 
In Figure 3.7, the absorbance spectra of the neutral and polaronic triphenylamines and carbazoles are 
shown. For the neutral species only absorbance in the UV region is found, while the oxidized molecules 
show a large absorbance contribution in the Vis-NIR part of the optical spectrum. It may be expected 
that with an increasing triplet energy of the phosphorescent emitter, the overlap shifts away from the 
low-energy carbazole absorbance. At higher triplet energies a larger overlap with the high-energy 
absorbance band is expected. 
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Figure 3.7: Absorbance spectra of triphenylamines and carbazoles measured in DCM in a 0.1 mm cuvette. Only 
for m-MTDATA the absorbance spectrum has been measured using a 10 mm cuvette. Neutral: (a) TPD,  
(b) NPB, (c) m-MTDATA, (d) 2-TNATA, (e) t-Bu-CBP and (f) CzSi. Oxidized: (g) TPD, (h), NPB,  
(i), m-MTDATA, (j) 2-TNATA, (k) t-Bu-CBP and (l) CzSi. 
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The iridium molecules showed a fair degree of reversibility of the oxidation process in cyclic 
voltammetry. The reduction was often found to be irreversible. Hence only cationic iridium molecules 
with a pa/pc ratio close to unity are considered in this subsection. In general the cationic Ir-cored 
molecules were found to only have a very low contribution of absorbance in the visible region. The new 
possible excitations for cationic iridium are sub-bandgap excitations, which are experimentally not well-
known. A low-intensity absorbance band from 600 – 1000 nm for Ir(ppy)3 was observed by Tian et 
al.  [59]. Calculations of the HOMO-4 to LUMO+4 energies for two comparable iridium molecules have 
shown that the energy difference between the HOMO-4 and HOMO states is ∼ 1 eV, and that the four 
highest HOMO energy levels contain much iridium 5d character [36]. That could explain why for Ir-
cored emitters the absorbance due to subgap transitions is small.  
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Figure 3.8: Absorbance spectra of Ir-cored phosphorescent emitters measured in various solvents in a 0.1 mm 
cuvette. Neutral: (a) Ir(ppy)3, (b) Ir(ppy)2(acac), (c) Ir(BT)2(acac) and (d) Ir(MDQ)2(acac).  
Oxidized: (e) Ir(ppy)3, (f) Ir(ppy)2(acac), (g) Ir(BT)2(acac) and (h) Ir(MDQ)2(acac). 

As the absorbance bands in the visible region are of low intensity, in combination with the non-ideal 
electrochemistry, it is not straightforward to calculate accurate Förster radii from the overlap integrals. 
To quantify these polaronic spectra better, more research has to be done, as will be outlined in the 
‘Outlook and Conclusions’ chapter. 
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3.2.2 Absorbance spectra – sensitivity to the molecular environment 
 
As discussed in the Introduction, it is important to study the effect of the molecular environment on 
absorbance spectra. From artificially shifting absorbance spectra (see Appendix 7.4) and the literature it 
is known that a peak shift of approximately 20 nm induced by a different surrounding, e.g. thin-film or 
solvent embedding have only a minor influence on the Förster radius (<0.1 nm) [60]. To find the solvent 
dependence, Eq. (7) combined with Eq. (8) is used. For Figure 3.9, a solution with m-MTDATA cations 
was prepared in DCM and subsequently diluted 400 times with five solvents with different refractive 
indices, n (see Table 3.4). The absorbance peak maximum (νmax) is plotted as a function of the solvent 
parameter f’, which is a function of n, as defined in Eq. (8).  

Table 3.5: Refractive indices and absorbance maxima of the low-energy peak for the different solvents used. 
Refractive indices measured at the d-line of sodium (at 589 nm) and at 20 °C (n) taken from Ref. [61].  

Solvent n(-) νmax (eV) 

ACN 1.3442 1.144 
THF 1.4050 1.111 
DCM 1.4242 1.103 

DMSO 1.4793 – 
ODCB 1.5515 1.075 

 
A redshift for solvents with a higher refractive index is observed. This is due to stabilization of the 
excited state, due to a more polarizable environment [34,47]. Figure 3.9 also shows that the molar 
extinction coefficient in DMSO is unexpectedly low. This could be due to a decrease of the cation 
concentration upon dilution, as DMSO has the lowest oxidation potential of these solvents it could 
neutralize the cation [62]. 

400 600 800 1000 1200 1400

0.0

1.5

3.0

4.5

6.0

0.16 0.18 0.20 0.22 0.24 0.26

1.05

1.10

1.15

1.20

M
ol

ar
 e

xt
in

ct
io

n 
co

ef
fic

ie
nt

 (1
04 

L 
m

ol
-1

 c
m

-1
)

Wavelength (nm)

DMSO

THF

ACN
DCM

ODCB

DCM

ν m
ax

 (e
V)

f' (-)

(a) m-MTDATA+ in various solvents (b) fit of the low-energy peak

ACN

THF

DCM
ODCB

 
Figure 3.9: m-MTDATA+ cation in various solvents. (a) Absorbance spectra measured in a 10 mm cuvette 
diluted with solvents which have different refractive indices. (b) Correlation of the energy of the absorbance 
peak maximum (νmax) with f’ for the low-energy band. The m-MTDATA was measured in ACN, THF, DCM and 
ODCB. 
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From this figure it is possible to extrapolate to f’ = 0, which results in the peak maximum location when 
measuring absorbance in the gas-phase [34]. Extrapolation to the gas-phase absorbance leads to a  
νmax = 1.31 eV, which implies a blueshift of 0.2 eV in the gas-phase versus the solvated molecule spectra. 
When extrapolating to a thin-film environment (n ≈ 1.7) a redshift of approximately 70 meV compared 
to DCM is observed. The so-called dispersion parameter, D, could be estimated by assuming a solvent 
cavity radius for m-MTDATA, of am-MTDATA = 0.5 nm. From this radius and the slope of the linear fit in 
Figure 3.9, D = 97 D2 could be found, which is close to values found in literature for other molecules, 
such as naphthalene [34,63].The full width at half maximum (FWHM) is 320 nm for THF, DCM and 
ODCB, and 310 nm for ACN. 

For applications in OLEDs, it is important to consider the possible difference between the extinction 
spectra in a solution and in a thin-film medium. In Figure 3.10 (a) the absorbance spectrum for neutral 
m-MTDATA in DCM and thin-film environment is shown. Figure 3.10 (b) shows the absorbance 
spectrum for m-MTDATA+ in DCM, and for a neat film of m-MTDATA, in which a small concentration 
of MoOx leads to oxidation of adjacent m-MTDATA molecules [10]. In Figure 3.10 a comparison is 
given of these spectra. In the thin-film, the absorption band of neutral m-MTDATA is a bit broadened 
and redshifted by about 60 meV when compared to the result that is obtained for a solution in DCM. 
The absorbance spectrum of chemically oxidized m-MTDATA in thin-film from Ref. [64] shows also a 
broadening and redshift as compared to the solution spectrum. Furthermore, the spectral shapes in the 
region of weak absorption in between 500 and 750 nm are different. This is the region in which the 
emission intensity of Ir-cored emitters that could be combined with m-MTDATA as a host is highest. 
Therefore, such a small difference is relevant when deducing the TPQ Förster radius from the spectral 
overlap with these absorbance spectra. In order to be certain about the accuracy of the absorbance in this 
region, an additional verification has been done by measuring the absorbance in this region using 
solutions with higher cation concentrations (see Appendix 7.5). 
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Figure 3.10: The absorbance spectra of m-MTDATA as a thin-film compared to dissolved in DCM. (a) The 
normalized absorbance of neutral m-MTDATA evaporated on quartz as a 100 nm neat layer compared with a 
1.310-5 mol dm-3 m-MTDATA in DCM solution, measured in a 10 mm cuvette. (b) The normalized absorbance 
of cationic m-MTDATA prepared by co-evaporation of MoOx with m-MTDATA compared with 
electrochemically oxidized m-MTDATA in DCM (1.310-5 mol dm-3 in a 10 mm cuvette). 
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3.2.3 Absorbance spectra – comparison with gas-phase DFT calculations 
 
In this section, the comparison of the measured polaronic spectra with DFT-simulated spectra, obtained 
for gas-phase molecules is made [37,58]. Figure 3.11 shows both sets of spectra for TPD, NPB, 
m-MTDATA, 2-TNATA and t-Bu-CBP. From this figure, it can be noted that the low-energy bands in 
the experimental and theoretical spectra (red dashed vertical lines) are located at a similar energy-
position, albeit that the experimental spectra are redshifted by about 0.1 – 0.3 eV. This is similar to the 
shift that may be expected from the analysis of the absorbance in various solvents that has been given 
in the previous subsection. 

Another observation is the fusion of the low-energy absorbance peaks for NPB and 2-TNATA. In the 
experimentally measured absorbance spectrum, only one low-energy peak is visible. The theoretical 
spectra were broadened artificially by convolution with a Gaussian distribution. In a solvent 
homogeneous broadening can take place due to solute-solvent interactions [47]. The comparison 
suggests that the resulting broadening is larger than the theoretical assumption.  

For the higher-energy part of the spectrum (super-bandgap transitions), the agreement is less good. The 
experimental peak (blue dashed vertical lines) tends to be redshifted by approximately 0.3 – 0.6 eV with 
respect to the first relatively intense calculated peak (blue arrows). However, the theoretical spectra 
show also a weak lower-energy band intensity, more close to the experimental lowest-energy super-
bandgap peak position. Whereas the experimental spectra exhibit high-energy absorption bands in the 
3.5 – 4.5 eV range which are not, or at least not with that intensity expected from the DFT calculations. 
In addition to the effects of screening by the medium, also reorganization of the molecular structure due 
to the formation of the cation affects the predicted spectrum. The DFT calculations were carried out for 
the cations in their lowest-energy cationic state [37].  
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Figure 3.11: Polaronic absorbance spectra. (a-e) experimental spectra measured in DCM. (f-j) simulated DFT 
spectra taken from Ref. [37,58]. Polaron spectra of (a, f) TPD, (b, g) NPB, (c, h) m-MTDATA, (d,i) 2-TNATA 
and (e, j) t-Bu-CBP. 
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3.3 Förster radii of host – guest systems 
 
In the previous section, the polaronic absorbance spectra were discussed. In this section the Förster 
radius is calculated for a large number of host – guest systems. The emission spectra of the Ir-cored 
emitters have been taken from Refs. [24,65]. 

Figure 3.12 shows the overlap of the absorbance spectrum for TPD+ cations with the emission spectrum 
of FIrpic (sky-blue), Ir(ppy)2(acac) (yellow-green), Ir(BT)2(acac) (yellow) and Ir(MDQ)2(acac)  
(orange-red). The figure shows for FIrpic a strong overlap with the super-bandgap absorption band. This 
overlap decreases when the emission from the phosphorescent emitter shifts to longer wavelengths. For 
near-infrared Ir-cored emitters, an increasing overlap with the sub-bandgap absorbance peak of TPD+ is 
expected. 
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Figure 3.12: Overlap spectra of TPD+ with the emission spectra of (a) FIrPic, (b) Ir(ppy)2(acac), (c) Ir(BT)2(acac) 
and (d) Ir(MDQ)2(acac). The emission spectrum of Ir(BT)2(acac) was supplied by Teun Nevels (unpublished), and 
the other emission spectra were taken from Refs. [24,65].  
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Figure 3.12 suggests that for minimizing the Förster radius for TPQ, the emitter spectrum must be 
located in between the subband and superband of the absorption peaks of the cationic host molecules. 
In Figure 3.13, this hypothesis is tested by considering an embedding of the four emitters that are 
presented in Figure 3.12 in six different host materials. Each panel gives the value of RF,TPQ that follows 
from the spectral overlap. The Förster radii are calculated by using Eq. (2) and assuming a refractive 
index of the surrounding medium of n = 1.7, a donor quantum yield of ΦD = 1 and the orientation factor, 
κ of randomly oriented dipoles, κ2 = 2/3. Figure 3.13 also gives the triplet energy, ET,h and ET,g for each 
host and guest material respectively. In efficient phosphorescent OLEDs, ET,h must at room temperature 
at least be  0.15 eV larger than ET,g in order to avoid triplet exciton deconfinement to the host [23,24] 
and an efficiency loss due to subsequent non-radiative decay [66]. For all systems which meet this 
criterion, the value of RF,TPQ has been given in bold lettering, Furthermore, the smallest Förster radius 
that has been obtained for each emitter is indicated with blue lettering.  
 
A clear minimum value of RF,TPQ is obtained when considering Ir(ppy)2(acac), viz. when embedded in 
m-MTDATA. The emission spectrum is then located in between the subband and superband absorption 
peaks. This combination has also been studied Ligthart et al., by using a unipolar device [23,64]. 
Ligthart et al. deduced RF,TPQ = 3.8 nm, while in this work RF,TPQ = 2.9 nm was found. When considering 
Ir(ppy)2(acac) embedded in CzSi as a host material, RF,TPQ is larger, because of the increased overlap 
with the subband peak. Embedding Ir(ppy)2(acac) in the low-gap hosts TPD and NPB is not only 
unfavourable due to strong overlap with the superband absorption peak of host cations, but also due to 
expected exciton deconfinement to the host. It should be noted that the overlap with the subband 
absorption peak depends sensitively on the extension of the low-energy tail of the emission spectrum, 
because the expression for the overlap between the absorbance and emission spectra (Eq. (2)) contains 
a factor of λ4.  
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Figure 3.13: Overview of the donor emission and acceptor absorbance spectra and the resulting Förster radii (in 
the top centre of each panel) for triplet-hole quenching based on the overlap integral for several host–guest 
systems. The emission spectrum of Ir(BT)2(acac) was supplied by Teun Nevels (unpublished), and the other 
emission spectra were taken from Refs. [24,65]. The value of ET of 2-TNATA was estimated from its singlet 
energy (0.3 eV lower than for m-MTDATA [67,68]), by assuming an equal difference between the singlet and 
triplet energies as observer for m-MTDATA. The vertical absorbance axis has been omitted for clarity. 
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4. Summary 
 

In this study, a spectro-electrochemical approach was used to quantitatively measure polaronic spectra. 
From cyclic voltammetry measurements, it was found that all triphenylamines except α-NPD showed a 
reversible oxidation cycle. Unprotected carbazole molecules could not be studied using this approach as 
they already electropolymerize during cyclic voltammetry. Clear indications for this where found, such 
as a current increase and an oxidation potential shift. Cyclic voltammetry experiments showed a 
reversible oxidation of protected carbazoles, t-Bu-CBP and CzSi. From these measurements, it can be 
concluded that protected carbazoles at the para positions (as seen from the N atom) are less prone to side 
reactions. In cyclic bulk electrolysis it was found that TPD and 2-TNATA show an excellent reversibility 
of 95%. t-Bu-CBP showed a reversibility of 78%, which could be attributed to some decomposition or 
side reactions. CzSi showed a reversibility of only 26%. As such a small reversibility was not seen in 
the cyclic voltammetry measurements, it seems to be a long-term stability issue. The oxidation of the Ir-
cored phosphorescent emitters appeared to be reversible on short timescales. However, the reduction 
was for the most materials studied irreversible on the timescale of the cyclic voltammetry experiment. 
For Ir(ppy)2(acac), the reversibility of the oxidation in a cyclic bulk electrolysis experiment was found 
to be only 65%. The reduction of Ir(ppy)2(acac) was found to be fully irreversible, which suggests severe 
side reactions. 

The polaronic spectra of the triphenylamines and the protected carbazoles show a variety in absorbance 
bands. The triphenylamine polaron spectra were found to display absorbance features in the visible range 
at 400 – 500 nm and in the infrared, with a material dependent peak position in the range 1100 – 1400 
nm. The carbazole cationic spectra were found to display absorption in the UV, below 400 nm, and in 
the infrared around 800 nm. 

The iridium cationic spectra showed only little absorbance in the visible range above 500 nm, and in the 
infrared up to 1000 nm (∼ up to 3103 L mol-1 cm-1). The results should be interpreted with care because 
the oxidation was in none of the cases fully ideal. 

Measurements of the IR absorption peak for m-MTDATA in various solvents showed a redshift with 
increasing solvent refractive indexes, n. Extrapolation suggests that for the solvents used, with n 
approximately in the range 1.35 – 1.55, the absorbance peak position would shift to higher energy by 
approximately 0.2 eV for a gas-phase environment (n = 1) and would shift to lower energy by 
approximately 70 meV for an environment with n  1.7 such as in a thin-film. 

The cation absorbance spectrum for m-MTDATA, obtained from a thin-film measurement, shows a 
broadening and a redshift as compared to the solution spectrum in DCM. The observed redshift would 
lead to a change of the Förster radius in systems with various Ir-cored emitters of less than 0.1 nm (see 
Appendix 7.4). Such a small sensitivity has also been found when calculating the overlap integral from 
a spectral shift of approximately 20 nm for NPB [60]. 

A comparison the experimental spectra with DFT spectra, calculated within our group [37] showed for 
the low-energy bands a similar but not entirely equal energy position: the experimental spectra are 
redshifted by about 0.1 – 0.3 eV. For the higher-energy part of the spectrum, the agreement is less good. 
The experimental peak tends to be redshifted by approximately 0.3 – 0.6 eV with respect to the first 
relatively intense calculated peak. However, the theoretical spectra show also weak lower-energy 
intensity, more close to the experimental lowest-energy super-bandgap peak position, whereas the 
experimental spectra show also high-energy absorption bands in the 3.5 – 4.5 eV range with intensities 
are not expected from the DFT calculations. 

The variation in polaronic absorbance of the triphenylamines and carbazole-based host materials implies 
a variation in RF,TPQ for a given host – guest system.  
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A clear minimum value of RF,TPQ is obtained when considering an m-MTDATA:Ir(ppy)2(acac) system. 
The emission spectrum is then positioned in between the subband and superband absorption peaks. 
RF,TPQ becomes significantly larger when embedded in the high bandgap material CzSi, because of the 
increased overlap with the subband peak. Embedding Ir(ppy)2(acac) in TPD or NPB is unfavourable as 
the emission peak then coincides with the strong absorbance peak of the TPD and NPB cations. In 
addition, exciton deconfinement to the host for these host – guest systems is very probable.  

5. Conclusions and Outlook 
 
In this study, the focus was on the electrochemical characterization of polaronic spectra for OLED host 
and guest molecules. Electrochemical oxidation has for various host materials shown to be a feasible 
method for quantitatively deducing polaronic spectra. However, a drawback is the need to make use of 
a solution. Thereby, several undesirable effects occur, for instance side reactions with impurities in the 
solvent, or the solvent itself. The diffusivity of the electroactive species is also much larger in a dissolved 
phase than in a solid phase. Therefore, intermolecular reactions, such as polymerization could 
occur [55,56]. The solvent also affects the absorbance bands. In solution, aggregates are not formed and 
less screening occurs. However, the latter issue can be compensated by the method shown in the ‘Results 
and discussion’ chapter. 

The problem of intermolecular reactions was mainly be observed with carbazole containing molecules. 
The protection of a CBP molecule with t-Bu groups resulted in a molecule which could be characterized 
well with this method. For triphenylamines already several cases have been successfully studied. 
Therefore, it would be interesting to verify the cationic carbazole absorbance spectra by measuring 
protected variants of e.g. TCTA. Additionally, solely hole polarons (i.e. cations) have been studied 
because of the unreachable reduction potential of the studied molecules. It would be interesting to 
disentangle the effect of quenching by holes or electrons as presented by Oyama et al. [69]. In order to 
make a qualitative comparison between hole and electron quenching in TPQ processes, it could be 
worthwhile to chemically oxidize and reduce these molecules. This could be achieved by using MoO3 
or elementary caesium respectively as suggested by Karunathilaka et al. [70]. With this method, the 
polaronic spectra cannot be obtained as accurately as by electrochemical characterization. However, a 
first assessment of the relative contribution could be readily done by using this approach. 

A well-investigated host – guest system is m-MTDATA:Ir(ppy)2(acac). This has been studied 
extensively by Ligthart et al. [23,64]. By using a unipolar device the TPQ process was studied. From 
this study a value RF,TPQ = 3.8 nm was deduced. However, in this study a significantly smaller value, 
RF,TPQ = 2.9 nm was obtained. That corresponds to a TPQ rate that is 5 times smaller than the value that 
was deduced by Ligthart et al. from device experiments. This is at present the only value of RF,TPQ from 
an actual device that can be used as a comparison with our electrochemically deduced values. Therefore, 
more host – guest device systems should be studied to be able to investigate the correlation between the 
results from both types of studies. 

Another aspect in this project where further progress is needed is the study of polaronic spectra of Ir-
cored phosphorescent emitters. This class of molecules often showed irreversible behaviour, specifically 
for the reduction wave. The spectra of oxidized Ir-cored molecules showed a small absorbance band in 
the emission region, which implies a very small value of RF,TPQ. For the reduction of these molecules a 
same approach as mentioned by Karunathilaka et al. [70], is suggested. Furthermore, it would be useful 
to perform open-shell quantum-chemical calculations of extinction spectra for Ir-cored phosphorescent 
emitter molecules. 
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7. Appendix 
 

In this Appendix, supplementary information which is referred to in the main text is shown. Additional 
results such as, stepwise charging experiments, stability checks after bulk electrolysis will be presented. 
Also artificially shifted absorbance spectra of m-MTDATA+ combined with the emission spectra of Ir-
cored molecules will be discussed. The respective RF,TPQ for these cases will be discussed to experience 
the sensitivity of the measurements. Lastly additional absorbance measurements in the low extinction 
coefficient region for m-MTDATA will be displayed, as this absorbance appeared to be important for 
the quantification of the overlap integral. 

7.1 Anodic and cathodic peak current determination 
 
Anodic and cathodic peak currents (pa/pc) have been determined by extrapolating the baseline of the 
oxidation and reduction wave. Figure 7.1 shows how the pa/pc ratio has been determined for the oxidation 
of Ir(ppy)2(acac) in DCM. A peak ratio of 1.09 was found, indicating only a minor effect of side reactions 
on this timescale. 

 

Figure 7.1: The determination of the anodic(pa) and cathodic (pc) peak currents by extrapolation from the 
baseline. 
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7.2 Stepwise charging experiments 
 

According to the Beer-Lambert law (Eq. (5)) the extinction coefficient should be directly proportional 
to the concentration of chromophores. This implies a linear increase of the polaronic peak intensity with 
the state of oxidation. In Figure 7.2 the result for stepwise charging of t-Bu-CBP is shown, confirming 
a linear increase in absorbance is found for increasing state of charge. Therefore, the effect of double 
oxidation can be eliminated by extrapolating the spectra for a low state of charge to a 100% state of 
charge. 
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Figure 7.2: Stepwise charging experiment of t-Bu-CBP performed in DCM. (a) Absorbance spectra measured at 
every state of charge, indicated with the lines in the figure. (b) Linear correlation between the molar extinction 
coefficient at 810 nm and the state of charge. 
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The same experiment has been carried out for CzSi (Figure 7.3). For CzSi a clear indication of a side 
reaction is found from the absorbance spectra. Up to 20% state of charge a characteristic carbazole band, 
is observed, as seen also for t-Bu-CBP and in the literature [58]. Upon oxidation to higher SOC values, 
this peak vanishes and absorbance bands around 400 nm appear. To properly characterize the absorbance 
band around 800 nm, experiments have been conducted from 5 – 25% state of charge. The absorbance 
increases linearly from 0 – 15% state of charge. The absorbance then starts to decrease and a peak around 
400 nm starts to appear. Above 15 – 20% state of charge, a side reaction thus seems to occur. Therefore, 
the absorbance of the polaron spectrum is extrapolated from the spectra of the 0 – 15% state of charge 
experiments. 
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Figure 7.3: Stepwise charging experiment of CzSi performed in DCM. (a) Absorbance spectra measured at state 
of charge from 20 – 100%, indicated with the lines in the figure. (b) Absorbance spectra measured at state of 
charge from 5 – 25 %, indicated with the lines in the figure.(c) Linear correlation between the molar extinction 
coefficient at 837 nm and the state of charge ranging from 0 – 15%. 
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7.3 Cyclic voltammogram of initial and final states of bulk electrolysis 
 

In a reversible system, redox couples (i.e. oxidation and reduction waves) should not alter their position 
or intensity after an electrochemical reaction. In Figure 7.4 cyclic voltammograms of four different host 
materials are shown. For TPD, 2-TNATA and t-Bu-CBP no change in voltammogram before and after 
the bulk oxidation is observed. However, during the oxidation of CzSi a new electroactive species is 
formed at a lower oxidation potential. This is another indication for a side reaction during the oxidation 
of CzSi. 
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Figure 7.4: Cyclic voltammograms of initial and final state of a bulk electrolysis. With (a) TPD, (b) 2-TNATA, 
(c) t-Bu-CBP and (d) CzSi. The scan direction is indicated with the blue arrow. The potential was measured 
versus Ag/Ag+. Initial scan indicated with a black colour, the scan after the bulk electrolysis is indicated with a 
red colour. The measurements were performed in DCM with a scan rate of υ = 0.1 V s-1. 
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In Figure 7.5, cyclic voltammograms of Ir-cored molecules are shown. The bulk oxidation for all three 
molecules under study showed a different initial and final voltammogram. Ir(ppy)2(acac) still has a large 
part of the initial of the original redox couple. With a decrease in peak current of ∼ 35%, corresponding 
to the 65% reversibility found in cyclic bulk electrolysis. Ir(BT)2(acac) and Ir(ppy)3 seems do degrade 
upon bulk oxidation as the redox couple almost vanishes. The reduction cycles of all molecules gave 
rise to new electroactive species, indicating a major stability problem. 
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Figure 7.5: Cyclic voltammograms of initial and final state of a bulk electrolysis. With (a) Ir(ppy)2(acac) 
oxidation and reduction in ACN, (b) Ir(BT)2(acac) oxidation in DCM, (c) Ir(BT)2(acac) reduction in ACN, 
(d) Ir(ppy)3 oxidation in DCM and (e) Ir(ppy)3 reduction in a 1:1 toluene/ACN mixture. The scan direction is 
indicated with the blue arrow. The potential was measured versus Ag/Ag+. The initial voltammogram is 
indicated with the black curve, the voltammogram after the oxidation and reduction is coloured red and blue 
respectively. The measurements were performed with a scan rate of υ = 0.1 V s-1. 
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7.4 Impact of an artificial redshift of the extinction spectra on the Förster radius 
 

To understand the sensitivity of the absorbance measurement of polaronic spectra in more detail, 
artificial redshifts to the absorbance spectra have been done. From the comparison of a thin-film and a 
solution spectrum a redshift of approximately 60 meV was found for neutral m-MTDATA. Furthermore, 
based on the extrapolation of the refractive index, n, a redshift of approximately 70 meV was expected 
compared to the spectrum in DCM. To study the effect even larger possible errors, such as extreme 
broadening, redshifts of 150 meV and 200 meV have been incorporated. In In Figure 7.6 four different 
energetically shifted spectra have been combined with four different emission spectra, from which RF,TPQ 
was calculated. By the variation in RF,TPQ a better understanding on the sensitivity for absorbance 
measurements could be deduced. For FIrPic a strong dependence on the spectral shift is observed. The 
RF,TPQ ranges from 3.5 to 4.2 nm, which implies a TPQ rate 3 times higher for the 200 meV shift. For 
Ir(ppy)2(acac) also a strong dependence on the peak location is found, ranging from 2.9 to 3.7 nm, which 
would result in a TPQ rate difference with a factor of 4. Not surprisingly, the broad emission of 
Ir(BT)2(acac) is not affected by any peak shift up to 200 meV. Also the relatively large distance between 
the emission of Ir(MDQ)2(acac) and the high energy polaronic absorbance peak results in an unaffected 
RF,TPQ for all cases. 
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Figure 7.6: Absorbance spectra of m-MTDATA+ cations, artificially shifted for 0, 60, 150 and 200 meV. Each 
artificially shifted spectrum is overlaid with various emitter spectra to understand the effect on the Förster radius 
(shown in the top centre of each panel). The emission spectrum of Ir(BT)2(acac) was supplied by Teun Nevels 
(unpublished), and the other emission spectra were taken from Refs. [24,65]. 
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7.5 Accuracy of the absorbance for the m-MTDATA cation in the 500 – 750 nm range 
 
In subsection 3.2.2 the importance of the absorbance in the region of 500 – 750 nm was discussed. This 
is precisely the region in which the emission intensity of Ir-cored molecules that could be combined 
with m-MTDATA as a host is highest. Such a small difference is relevant when deducing the TPQ 
Förster radius from the spectral overlap with these absorbance spectra. In order to be certain about the 
accuracy of the absorbance in this region, an additional verification has been done by studying the 
absorbance in this region at higher cation concentrations. In Figure 7.7 (a) the absolute absorbance is 
shown. By measuring at higher concentrations, the accuracy becomes larger. The higher sensitivity in 
this experiment is used to improve the accuracy of the low intensity peak that was initially measured at 
400 dilution. In panel (b) the Beer-Lambert law (Eq. (5)) was used to calculate the molar extinction 
coefficient. From this plot it appears that the absorbance bands measured at various dilution are very 
comparable in intensity. However, as expected, the 400 diluted case entails some spectral noise due to 
the weak absorbance (i.e. high transmittance of the light through the sample, and therefore close to 
reference cell transmittance) measured. 
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Figure 7.7: Absorbance of m-MTDATA+ cation measured at different dilutions (original concentration 
m-MTDATA+ = 4.910-3 mol dm-3) in the region of 480 – 820 nm using a 10 mm cuvette. In (a) the absolute 
measured absorbance for the different dilutions can be found. In (b) the Beer-Lambert law (Eq. (5)) has been used 
to calculate the molar extinction coefficient. 
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