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ABSTRACT

The operation of organic light emitting diodes (OLEDs) is governed by a range of material parameters, such as frontier orbital energy levels, charge carrier mobility
and excitonic rate parameters. In state-of-the art numerical simulations of OLED devices, more than 30 parameters must be considered to describe the behavior of a
multilayer device. Independent measurement techniques to reliably determine each material parameter individually are therefore highly desirable. While several
techniques have been established in the OLED community to determine some of them, the highest occupied and lowest unoccupied molecular orbital (HOMO and
LUMO) energy levels are not measured or reported on a regular basis, despite their significant influence on device performance. In this work, we show how cyclic
voltammetry in solution can be used as a simple technique to measure the HOMO and LUMO energy levels of organic semiconductors. This easily performed
experiment allows a fairly accurate estimation of the energy levels of the layers in a device stack. Cyclic voltammetry measurements of four typical OLED materials in
solution are presented and their analysis is described in detail to encourage more such measurements in future OLED studies. Four distinctly different voltammo-
grams were obtained, ranging from relatively ideal reversible behavior to a very non-ideal behavior, lacking electrochemical reverse reactions. Two methods for
extracting the HOMO and LUMO energy levels from cyclic voltammetry are discussed and compared. The measured HOMO and LUMO levels compare well with
reported values measured on thin films, showing that cyclic voltammetry in solution provides a viable means to determine this important, yet underinvestigated

material property.

1. Introduction

Organic light emitting diodes (OLEDs) have been commercially
established for the past 15-30 years [1]. Current research focuses on
increasing OLED device efficiency and lifetime by developing new ma-
terials and improving device architectures through better understanding
of the governing physical mechanisms. The ongoing optimization work
is strongly supported by device simulations which help to understand
the influence of various parameters on the device efficiency. To obtain
high quality data from device simulations the accurate values for the
model parameters are essential. After all, more than 30 parameters, such
as charge carrier mobilities, energy levels, and trap and excitonic rate
parameters are needed to simulate a device [2]. One particularly rele-
vant set of parameters necessary for device simulations is the location of
the HOMO and LUMO energy levels of the different device layers. As
with all semiconductor devices, the alignment of each semiconductor
layer’s frontier energy levels (HOMOs and LUMOs) and of the electrode
work functions has a significant impact on the device performance [3].
For instance, in the modified thermionic emission model [4] that can
describe current injection from a metal to an adjacent organic
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semiconductor, the injection current density depends exponentially on
the energy barrier AE between the metal work function and the corre-
sponding frontier orbital energy level of the organic semiconductor.
Charge transport between two organic semiconductors is often
described by assuming quasi-Fermi level alignment, thus, the charge
carrier density in adjacent layers is determined by the Fermi statistics,
where the charge carrier density also depends exponentially on the en-
ergetic offset between the frontier orbital energy levels of adjacent
layers. Therefore, even small changes in the HOMO and LUMO levels
can have a profound impact on the device performance and, thus, should
be independently and accurately measured to obtain a reliable device
model. The importance of reporting HOMO/LUMO levels on a regular
basis has been underlined by Jeong and coworkers [5] who trained a
deep learning model with the HOMO and LUMO levels of different
organic molecules to design new host and emitter materials for OLEDs.

There are various methods to determine HOMO and LUMO energy
levels. All have their advantages and disadvantages. In this paper we will
give a brief overview and then describe in detail how to determine
frontier orbital energy levels using simple electrochemical methods.
HOMO and LUMO energy levels of OLED materials can be theoretically
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c) PO-T2T d) B3PYMPM

Fig. 1. Structures of the hole (a, b) and electron (c, d) transport materials discussed in this paper: N,N-bis(naphthalen-1-y1)-N,N-bis(phenyl)-benzidine (NPB) (a),
4,4’ ,4-tris(carbazol-9-yl)triphenylamine (TCTA) (b), 2,4,6-tris[3-(diphenylphosphinyl)phenyl]-1,3,5-triazine (PO-T2T) (c) and 4,6-bis(3,5-di(pyridin-3-yl)phenyl)-2-

methylpyrimidine (B3PYMPM) (d).

predicted using density functional theory [6-8]. These works are mostly
limited to a single molecule in a vacuum environment. Experimental
methods to measure HOMO and LUMO energies include surface analysis
techniques, such as XPS [9], UPS [10] and photoemission yield spec-
troscopy (PYS) [11-13], or inverse photoemission spectroscopy (IPES)
[14,15], low-energy inverse photoemission spectroscopy [16,17] and
Kelvin Probe spectroscopy [18]. Most recently, a method was described
by Zhou et al. using a three-terminal hot-electron transistor [19].
Another method that allows probing of the HOMO and the LUMO is
electrochemistry, although in most cases only one of the energy levels of
a given molecule can be probed as the potential window of most elec-
trolytes is not wide enough to access both frontier orbital energy levels.

Unfortunately, none of the techniques is regularly used and therefore
the HOMO and LUMO levels are often estimated. The issue when using
estimated HOMO and LUMO energy levels or values reported in litera-
ture is that they span a wide range. This might be due to systematic
variations between different measurement techniques [20-23], or it
may be sample dependent. In any case, a reliable method to determine
the HOMO and LUMO levels on a regular basis is desirable, as it would
allow individual labs to measure the energy levels themselves, rather
than relying on parameter values reported in literature or provided by
material suppliers. In return, the improvement in data could benefit
device modelling and thus lead to improved OLEDs.

Since the exact location of the various HOMOs and LUMOs will be
determined by their chemical environment it is expected that there will
be a difference when a molecule is measured in solution or in a thin film.
Hence, measuring frontier orbital energy levels in thin films would be
desirable. A complicating factor in electrochemical experiments is the
stability of OLED thin films in the solvent environments which are
needed for electrochemical measurements. This is possibly one of the
reasons why until now most electrochemical thin film characterization
was performed on polymeric semiconductor materials, such as P3HT
[24-28]. Only few electrochemical characterizations of small molecule
thin films exist [29-31] and we did not find any reports on the elec-
trochemical behavior of modern OLED materials in thin films. Our own
preliminary work suggests that thin films of common small molecular
semiconductors used in modern OLEDs are easily soluble in common
solvents used as electrolyte during electrochemical characterization.
Thus, applying conventional electrochemical methods to this important
class of materials is challenging. In return, the solubility of common
OLED materials in typical solvents used in electrochemistry is often
sufficient to study the molecules well in solution. The electrochemical
characterization of OLED materials in solution is simple and therefore
electrochemical measurements are often used as the first method to
determine the HOMO and LUMO energy levels of OLED materials [10,
12,32-35].

While the clear disadvantage of electrochemical measurements of

OLED materials in solution is the difference in chemical environment,
we believe that there is still a benefit to these experiments as the ener-
getic shift for each molecule when characterized in solution or as a thin
film is expected to be similar. After all, the change in the dipolar envi-
ronment should be comparable. Thus, while the electrochemical mea-
surements in solution do not provide a direct measurement of the
molecular energy levels within an OLED stack, the use of a single
analysis method for all layer materials will provide a consistent set of
data which should help minimize modelling errors.

Electrochemical characterization of OLED materials using cyclic
voltammetry is not new, but the analysis of the data does pose some
challenges which we want to address in this paper in order to encourage
researchers to include measured energy levels in future reports of their
work. We present two methods for the analysis of the cyclic voltammetry
of OLED materials in solution using four well known OLED materials: N,
N'-Bis(naphthalen-1-y1)-N,N"-bis(phenyl)-benzidine (NPB), 4,4,4-Tris
(carbazol-9-yDtriphenylamine (TCTA), 2,4,6-Tris[3-(diphenylphos-
phinyl)phenyl]-1,3,5-triazine (PO-T2T) and 4,6-Bis(3,5-di(pyridin-3-
yDphenyl)-2-methylpyrimidine (B3PYMPM). Sketches of the molecular
structures of the different molecules are provided in Fig. 1.

This paper will give an overview over the existing characterization of
these materials and provide a detailed experimental method to elec-
trochemically measure frontier orbital energy levels, even if the cyclic
voltagrams look complicated. Emphasis is laid on the detailed descrip-
tion of the conversion between the electrochemical potential scale and
the vacuum energy scale to highlight the existing uncertainties and to
suggest a data presentation method which will allow more easy com-
parison of experimental data in the future, especially for OLED materials
from small molecules which are hard to analyze as thin films. The main
text contains descriptions of how to extract the HOMO or LUMO energy
levels from the electrochemical data and gives a detailed discussion
about the conversion from the electrochemical potential scale to the
vacuum energy scale. The electrochemical behavior of the four hole- and
electron conductor materials shown in Fig. 1 is also presented and dis-
cussed in detail. The electronic supplementary information provides
some additional electrochemical data and their analysis. We hope that
this paper will provide a method and motivation to measure, analyze
and present OLED material data for the community using a simple
experimental framework.

1.1. Nomenclature
We provide a small electrochemistry nomenclature defining the most

important electrochemical terms used in this report in intuitive order
because some terms have been used in different ways in literature.
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Working electrode: The electrode at which the electrochemical
reaction is measured. The electrochemical reactions are generated
through electron exchange between the working electrode and the
redox species, which is in the electrode’s immediate vicinity (within
a few A).

Redox species: The electrochemically active compound (material
under test) dissolved in the electrolyte. It causes the measured
oxidation and reduction currents. In the current publication, the
redox species are the investigated OLED materials or ferrocene.
Counter electrode: An electrode used to close the electrical circuit
with the working electrode. Often consisting of a metal mesh or wire.
Ideally its active area is larger than the area of the working electrode.
Reference electrode: An electrode used by the potentiostat to define
0 V with respect to a separate electrochemical reaction (such as AgCl
+ e 2 Ag + Cl17) held at equilibrium. This electrochemical reaction
occurs at the reference electrode. Common reference electrodes are
the Ag/AgCl reference electrode, the saturated calomel electrode
(SCE, Hg/Hg,Cly) and the standard hydrogen electrode (SHE, 2
H'(aq) + 2 ¢ = Hy(g).

Quasi reference electrode: A metal wire (Ag, Pt, ...) used instead of
a proper reference electrode for situations where the use of a refer-
ence electrode is not practical. Unlike the reference electrode, the
absolute potential defined by the quasi-reference electrode is less
well defined, but usually remains constant during an experiment.
Ferrocene is often added to the system at the end of the experiment to
provide an internal standard.

Electrolyte: The investigated solution, containing the solvent and
the supporting electrolyte. The solvent and supporting electrolyte
are chosen according to the solubility and stability of the material
under test. We would like to note, that in the literature, the term
electrolyte is sometimes defined in other ways: the electrolyte
sometimes refers to the whole solution between the electrodes,
including the material under test, and sometimes it refers to what we
refer to as the supporting electrolyte.

Supporting electrolyte: An electrochemically inactive ionic species
added to the electrolyte to increase its conductivity. Amounts of
approximately 0.1 mol L™! are generally used. A sufficient back-
ground conductivity is important in electrochemical measurements
to ensure a good electrochemical behavior.

Oxidation: “Hole injection reaction”. An electron is extracted from
the investigated redox species (X - X 4 e”) when it is in contact
with an electrode surface at the appropriate potential (oxidation
potential). The oxidation currents are shown as positive currents in
the upper right quadrant of the plots with increasing potential
plotted on the x-axis from left to right, according to IUPAC conven-
tion [36].

Reduction: “Electron injection reaction”. An electron is injected into
the investigated redox species (X + e — X~ ) when it is in contact with
an electrode surface at the appropriate potential (reduction poten-
tial). The reduction currents are shown as negative currents in the
lower left quadrant of the plots with decreasing potentials plotted on
the x-axis from right to left according to IUPAC convention [36].
Reversible reaction: A reaction between the redox species and the
electrode is said to be reversible, when the reaction kinetics at the
electrode are sufficiently fast so that the surface concentration of the
oxidized or reduced redox species (X or X™) follow the Nernst
equation immediately. A convenient diagnostic for a reversible sys-
tem is a separation of 56.5/n mV between the peak and the half-peak
potential in a forward scan, where n is the number of electrons
involved in the electrode reaction [37]. The peak potential is inde-
pendent of the scan rate, and the separation of the oxidation and
reduction peaks slightly depends on the potential where the voltage
scan is reversed and is ~57-59 mV at 25 °C for single electron
transfer reactions at all scan rates [37]. The peak current is propor-
tional to the square root of the scan rate and the ratio of oxidation
and reduction peak currents remains constant, hence the transfer of
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charge in the oxidation reaction is exactly balanced in the reverse
reduction reaction. Additionally, the oxidized or reduced redox
species undergoes no chemical reaction and does not otherwise leave
the system.

Quasi-reversible reaction: In quasi-reversible reactions, either the
electron transfer between electrode and redox species is kinetically
slow and the Nernstian equilibrium is not established immediately,
or the oxidized or reduced redox species undergo chemical reactions
or leave the system. In quasi-reversible systems, the shape of the
voltammograms differ from reversible systems, and the peak sepa-
ration between the oxidation and reduction peaks depends on the
scan rate. The peak current in a quasi-reversible reaction is not
proportional to the square root of the scan rate.

Potential: The potential at the working electrode measured against a
nearby reference electrode. The potential of the reference electrode
is chemically fixed and defined as 0 V.

Peak potential: The potential, at which the rate of the redox reac-
tion is highest due to the balance of thermodynamic and kinetic
parameters (diffusion rates and reaction rate), leading to a peak in
the measured currents.

Half-peak potential: The potential, where the measured current is
half of the current measured at peak potential.

Accessible potential window of the electrolyte: The potential
range in which the electrolyte is electrochemically stable and does
not react (e.g. degrade) at the working electrode. In this region, the
electrolyte does not cause significant currents.

Ohmic region: A linear region in the voltammogram in which only
the ohmic background current is measured; sometimes also called a
“flat” region.

Anodic scan direction: Scanning the potential in cyclic voltam-
metry from negative to positive potential.

Cathodic scan direction: Scanning the potential in cyclic voltam-
metry from positive to negative potential.

Open-circuit potential: The open-circuit potential or open-circuit
voltage is the electrochemical equilibrium potential of the system.
It is defined by the electrode surface material, the electrolyte, and the
redox species. The rate of the oxidation and reduction reactions are
equal at the open-circuit potential such that the net current is zero. It
must be noted that in many systems - the present ones included - the
open-circuit potential [37] can drift with time. However, it still
provides a good starting point for electrochemical measurements and
can be measured directly with the potentiostat. Once the starting
potential is chosen, the drift of the open-circuit potential is often
ignored.

2. Experimental

All electrochemical experiments were performed in a Faraday cage
placed inside a Nj filled glove box. The O3 and H20 concentrations in-
side the box were kept below 50 ppm and 10 ppm, respectively.

2.1. Electrochemical setup

Cyclic voltammetry experiments were performed in a three-electrode
cell (SVC-3, ALS Co. Ltd) using a BioLogic SP-300 potentiostat and the
EC-Lab software package. A 1.6 mm diameter Pt disc working electrode
(ALS Co. Ltd), a 0.5 mm diameter Pt wire counter electrode (Goodfellow,
as drawn, 99.99+ %), and an 0.5 mm diameter Ag wire (Alfa Aesar,
Premion®, 99.9985%) quasi reference electrode were used. The refer-
ence potential was calibrated using ferrocene (Fc) (Alfa Aesar, 99.5%)
by adding a small amount (approx. 2-5 mg/10 mL) of ferrocene to the
electrolyte at the end of the experiments and re-measuring the cyclic
voltammetry experiments. Further details of how to define the reference
potential vs. Fc are provided in section 3.1.
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Fig. 2. Illustration of the potential conversion method. The CV of NPB was measured with respect to an Ag QRE (a). After the experiments, ferrocene was added to
the electrolyte containing the NPB and the ferrocene redox potential was determined (b). The Fc redox potential was then defined as 0 V vs. Fc (see top x-axis in (b))
and a corresponding shift, including a potential shift due to handling the setup, was applied to the CV of NPB only (see top x-axis in (a)).

2.2. Electrode preparation

The electrodes were prepared outside the glove box. The Pt disc
working electrode was first cleaned by wiping gently using low-lint
tissue (Kimtech Precision Wipes) wetted with ultrapure water (re-
sistivity of 18.2 MQ cm), acetone or isopropanol and subsequently
polished. Two grades of polishing suspensions (1 pm diamond suspen-
sion and 50 nm alumina suspension purchased including appropriate
polishing cloths from ALS Co., Ltd.) were used. The polishing pads were
stuck to the inside of separate Petri dishes and covered with the lid of the
Petri dish when not used to avoid contamination. The Pt electrode was
first polished using the 1 pm diamond suspension: 2-3 drops of the
suspension were dropped on the polishing pad that was pre-wetted with
a little bit of ultrapure water. The electrode was held perpendicularly to
the surface of the pad and polished using gentle pressure and circle- or
figure-of-eight movements for 2 min. The shaft of the electrode was
rotated a little bit every 30 s to avoid introducing a slope into the
electrode surface. The electrode was then rinsed with ultrapure water
and the polishing procedure was repeated using the 50 nm alumina
suspension. The electrode was rinsed again with ultrapure water and
remains of the alumina suspension were removed from the electrode
surface by wiping gently on a clean, wetted area of the polishing pad.
After rinsing again with ultrapure water, the electrode was dried under a
stream of nitrogen. The electrode surface now had a scratch-free mirror
finish and the active surface was not touched anymore to avoid intro-
duction of contaminants. Sonication of the electrode was omitted to
prevent mechanical damage to the electrode. If the electrode surface is
severely scratched for some reason, it may be necessary to resurface it
more thoroughly by starting the polishing process using a coarser pol-
ishing agent (such as wetted lapping films or even wetted fine
sandpaper).

The quasi reference and counter electrode wires were cleaned by
wiping them with low-lint tissues wetted with first acetone and second
isopropanol. Roughly 2 cm of each wire was immersed in the electrolyte
for the electrochemical measurements.

2.3. Electrolyte preparation

Electrolytes were prepared inside the glove box. The electrolyte
consisted of 0.1 mol L™! tetrabutylammonium perchlorate (TBAP, Alfa
Aesar, 99+ %) dissolved in dichloromethane (BDH, 99.8%, max. 0.001%
H,0). In addition, 1x10~2 mol L™} of the investigated OLED material
was added and all solids were left to dissolve at room temperature by
stirring overnight with a magnetic stirrer bar. Dichloromethane was
used as the solvent instead of the more common acetonitrile, as the
solubility of the OLED materials (especially NPB [38]) was higher. NPB

(sublimed, >99.8%), TCTA (sublimed, >99.5%), PO-T2T (sublimed,
>99%) and B3PYMPM (sublimed, >99%) were obtained from Lumtec
Corp. All compounds and solvents were used as received.

3. Analysis methods
3.1. Normalizing the electrochemical potential with respect to ferrocene

Obtaining a steady reference potential in non-aqueous electrolytes is
a challenge, as existing reference electrodes for non-aqueous solvents
[39] tend to be less stable as aqueous reference electrodes due to solvent
evaporation. This also makes their maintenance challenging. Therefore,
to avoid inconsistencies when reporting potentials in non-aqueous sys-
tems, it is advised to convert the measured potentials to the ferrocene
reference scale, by measuring the redox potential of ferrocene and
defining it as 0 V [40]. This is achieved by adding a small amount (a
“pinch” or roughly 1 mmol L) of ferrocene to the investigated elec-
trolyte containing the material under test, dissolving it, and
re-measuring the cyclic voltammetry. The potential scale of the cyclic
voltammograms (CVs) is then shifted to set the redox potential of
ferrocene to 0 V. The same shift, slightly adjusted to account for po-
tential shifts during addition of the ferrocene due to handling of the
setup, can then be applied to CVs measured without ferrocene. This
process is illustrated in Fig. 2 and discussed in more detail below.

First, the material under test is electrochemically characterized (see
Fig. 2a, bottom potential scale). In the present case, the oxidation po-
tential of NPB was determined to be A% %F = 0.908 V against the Ag
wire quasi reference electrode (Ag QRE); the experimental data shown
will be thoroughly discussed in section 4.1.1.

As a next step, ferrocene is added to the electrolyte containing the
material under test (see Fig. 2b, bottom potential scale). Since the shape
of the NPB peaks does not change, we can conclude that the presence of
ferrocene does not affect the electrochemical behavior of NPB. Thus, Ay
can be re-measured in the presence of Fc and used to determine the
potential shift due to handling the setup as discussed below. From
Equation (1), the redox potential of ferrocene is determined to be

EARE _ 0573V,

redox

_ Fcrcd + Fcox

At QRE
2

redox

(Fc)

Now, the potential scale is shifted by —0.573 V, as described in
Equation (2), to achieve Ef, (Fc) =0 V. The shifted potential scale is

redox

shown in the top axis of Fig. 2b.

Equation 1

Fc __ 77Ag QRE Ag QRE
E =F - Eredox

NPB and Fe (Fc) Equation 2

Before transferring the shifted potential scale to the NPB only CV
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Fig. 3. CVs of NPB measured at 100 mV/s to illustrate the determination of the HOMO from either the redox potential (a) or from the forward peak only (b). The dotted line in
(b) accounts for the resistive losses in the electrolyte and is used to determine I, and I, if the peak to be analyzed is nicely resolved. For other systems, I, can be chosen by
eye to determine the peak- and half-peak currents required to determine the half-peak potential E,».
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shown in Fig. 2a, the potential shift introduced due to handling of the
setup (AE) must be considered. In Fig. 2b, A% ®F has shifted from 0.908
V (Fig. 2a) to 0.926 V. The shift in Ay is described by Equation (3) and
amounts to AE = 0.018 V for the example in Fig. 2.

AE = A% ®E(NPB with Fc exp) — A2 %%F(NPB only exp) Equation 3

To calculate the potential of the NPB only scan against the ferrocene
scale (potential scale at the top of Fig. 2a), Equation (4) is used. Ay can
then be determined vs. Fc and is AT(NPB) = 0.352 V.

25 225 -2 -1.75 1.5 1.25 -1
Evs.FclV

EFe _ pALQRE _ phe QRE(FC) + AE

NPB only redox Equation 4

3.2. Determining HOMO an LUMO from electrochemistry

Electrochemical oxidation and reduction peaks originate from a
single redox potential (Eredox) Of the investigated molecules that are in
contact with the working electrode, ie., one energy level such as a
HOMO or a LUMO. The electrochemical peaks are spread out from this
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central redox potential due to kinetic effects [37].

There are two methods to determine the redox potential for revers-
ible or quasi-reversible systems: When both, the oxidation and the
reduction peak are clearly visible, the redox potential (dashed line in
Fig. 3a) is found half-way between the oxidation potential (Eoy) and the
reduction potential (E;q), as described by Equation (5). This is the
recommended method as it is the more accurate and more convenient
method.

Enx + Ered

5 Equation 5

Eredox =

Alternatively, if only one peak can be observed properly, then Eredox
can be determined from that peak only. This method is less accurate and
leaves more room for interpretation, as it is more challenging to define
the onset of a wave than it is to define a peak. However, it provides a
method to analyze non-ideal systems. The redox potential for a revers-
ible or quasi-reversible electrochemical system is approximately half-
way between the peak potential (Ep) and the half-peak potential (Ej,/2)
which is the potential where the current is half of the peak current (Ip).
There are two ways to determine the half-peak current I, »: i) In systems
that show a flat (ohmic) region followed by the peak to be analyzed
(such as NPB in Fig. 3), the peak- and half-peak current can be deter-
mined from the voltammogram after subtracting the background current
obtained from a linear extrapolation of the flat region of the I(E) curve
(dotted line in Fig. 3b). ii) If the measured CV contains additional peaks
in the region before the investigated peak, such as for BSPYMPM in
Fig. 4d, a base current I, can be chosen by eye, as illustrated in Fig. 3b, to
find I/, and I, as given by equation (6) [37].

I, +
Lyy=-=2 er u Equation 6
The redox potential of a single peak is then found at
E E
Eredox = })/ZTJFP Equation 7

The difference in Egomo for NPB obtained using the two methods is
approximately 10 mV as discussed in section 4.1.1, which is a typical
error in electrochemical experiments.

3.3. Conversion from the electrochemical to the vacuum scale

Conversion of the energy levels from the electrochemical reference
scale to the vacuum scale is discussed widely in the literature. Cardona
and her co-workers provided a good overview over the complexity of the
issue [41]. Briefly, the electrochemical potential scale (E vs. Fc/V) and
the vacuum energy scale (E vs. vacuum/eV) are similar but have
different zero points and are of opposite sign.

Conversion to the vacuum scale was achieved using Equation (8)
where e denotes the elementary charge.

E(vs. vacuum / eV)= — (e-E(vs.Fc / V) —(—4.99 eV)) Equation 8

The conversion parameter of —4.99 eV corresponds to the redox
potential of ferrocene vs. vacuum scale, taking the ferrocene redox po-
tential as 0.31 V vs. SCE (= 0.55 V vs. SHE) [37] and the relationship
between the electrochemical scale and the vacuum scale as 0 V vs. SHE
= —4.44 eV vs. vacuum, as suggested by Trasatti [42]. Cardona used
—5.1 eV as conversion parameter in Equation (8) [41], and it is very
important to note, that this conversion parameter varies significantly
between different sources [41]. This inconsistency, which originates
from difficulties in determining various parameters, mandates that full
transparency is provided when reporting the electrochemical charac-
terization of semiconductor materials.

Equation (8) is valid for converting the energy levels measured in
solution from the ferrocene scale to the vacuum scale. In actual OLED
devices, the semiconductors are used as thin films, thus, it would be
interesting to estimate the energy levels in films from solution
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Table 1

HOMO and LUMO energy levels of the OLED materials vs. the electrochemical
ferrocene scale with experimental standard deviations (¢) and vs. the vacuum
scale. The redox potential of ferrocene was taken as 0.55 V vs. SHE [37] and the
vacuum conversion scale as 0 V vs. SHE = —4.44 eV [42]. The method used to
calculate the potential from the experimental data is also indicated. The energy
levels for thin films are estimated with the conversion parameters in Table S1.

Frontier E vs. Fc Method  Evs. Efilm vs.
orbital (standard vacuum vacuum
deviation) (difference)
NPB HOMO 031V (c= Eq. 5 -5.30 —5.04 to
8 mV) eV —5.45eV (A =
0.41)
0.32V (c = Eq. 7 -5.31 —5.05 to
5mV) eV —5.46eV (A =
0.41)
TCTA HOMO 0.483V (6 = Eq. 7 —5.47 —5.28 to
5mV) eV —5.66eV (A =
0.38)
PO-T2T LUMO —2.03V (o Eq. 7 —2.96 —2.36 to
=10 mV) eV —2.43eV(A =
0.07)
B3PYMPM LUMO —2.33V (o Eq. 7 —2.67 —2.01 to
=26 mV) eV —2.09eV (A =
0.08)
HOMO 1.20V Eq. 7 —6.19 —6.17 to
eV —6.55eV (A =
0.38)

measurements. The energy levels in films will, in general, change due to
the different polarization of the molecules in thin films. Because the
dipolar environment depends on the material and the film morphology,
an accurate prediction is hardly possible. However, a linear relation
between solution measurements and thin-film measurements has been
described by multiple authors [20-23]. The energy levels in a thin film
(Efym) can be estimated from the energy levels measured in solution
(Esosion) vVia where the conversion parameters a and g are different for
the HOMO (a*,4") and the LUMO (a~, ") level and vary depending on
the materials and methods used to derive them (see e.g. Ref. [23]).
Table S1 shows the values of the conversion parameters used below.

Epim = &'~ Eyopusion + 7~ Equation 9

3.4. Discussion on the uncertainties

There are multiple sources of uncertainties associated with the pre-
sented electrochemical measurements, which we discuss in the
following.

The potential is measured against a silver quasi-reference electrode.
While the absolute potential of the silver wire can vary between two
measurements, it is usually assumed to be stable within the time frame
of an experiment. Because the potential of the quasi-reference electrode
is calibrated against ferrocene, and ferrocene is assumed to be stable,
there is a negligible uncertainty associated with the quasi-reference
electrode. However, as mentioned in the context of eq. (3), the un-
certainties due to handling the setup when adding ferrocene can be on
the order of 20 mV, but by considering AE when calculating the po-
tential with respect to the ferrocene scale, this source of error should be
eliminated.

When the measured data does not show clear oxidation and reduc-
tion peaks, the preferred method of extracting the HOMO/LUMO po-
tential (eq. (5)) cannot be used. Thus, an uncertainty occurs from the
non-ideal method of determining the HOMO/LUMO potential. From
the comparison of the two methods for NPB in section 4.1.1, a rough
estimate of this uncertainty is on the order of 10 mV. Providing a general
statement on the level of uncertainty is difficult, and it has to be assessed
for each individual case.

Repeated measurements on the same material in the same cell can
lead to different HOMO/LUMO levels. For the measurement presented
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in section 4 we use the standard deviation to quantify these un-
certainties, which are on the order of 10-30 mV (cf. Table 1).

As shown in Fig. S8, the scan rate also contributes to the uncertainty
of the extracted HOMO/LUMO levels. The standard deviation of the
measured energy levels varied between 8 mV and 26 mV, thus, the
uncertainty from the scan rate might also be on the order of 10-30 mV.

When converting the potential from the ferrocene scale to the vac-
uum scale, we used a conversion parameter of —4.99 eV (cf. eq. (8)),
while other authors used —5.1 eV as discussed in section 3.3. Since the
true value of this conversion parameter is unknown, we can only spec-
ulate that the uncertainty will be on the order of 0-100 mV.

By adding up the described uncertainties, one arrives at typical un-
certainties of ~30-70 mV on the ferrocene scale and of ~30-170 mV on
the vacuum scale for the solution measurements. The estimated energy
levels in thin films are listed in Table 1. Based on the large differences
obtained from conversion parameters reported by different groups (cf.
Table S1), an uncertainty of up to ~400 mV for the HOMO and =100 mV
for the LUMO has to be added for thin film energy levels. Considering
that Kubo et al. used a more accurate technique than other groups, the
uncertainty of determining the thin film HOMO might also be smaller.

4. Results and discussions
4.1. Voltammetric characterization

NPB, TCTA, PO-T2T and B3PYMPM were characterized using cyclic
voltammetry. All measurements were started at or near the open-circuit
potential, as measured with the potentiostat. The initial potential and
the scan direction are indicated by a black triangle and arrows in the
cyclic voltammograms (CVs) shown in Fig. 4. For the hole conductors
NPB and TCTA, the potential was first swept towards the HOMO (in the
positive, anodic direction), for the electron conductors PO-T2T and
B3PYMPM it was first swept towards the LUMO (in the negative,
cathodic direction). The scan direction was reversed once the electro-
chemical oxidation or reduction was observed. Scans were performed
with three repeats to determine whether the conditions were stable.
Scans were also recorded at a range of scan rates between 10 and 200
mV/s to gain more detailed insight into the electrochemical behavior as
discussed below. Fig. 4 also presents cyclic voltammograms of the
ferrocene standard redox couple (e) and of the electrochemical back-
ground containing only the electrolyte (f). Larger versions of these CVs,
of CVs with added ferrocene, and some additional electrochemical an-
alyses are provided in the ESI (Figs. S1-S7). For most of the investigated
materials it was only possible to electrochemically observe one of the
band edges since the other energy level was beyond the accessible po-
tential window of the electrolyte (cf. Fig. S2).

4.1.1. NPB

NPB has two similar reversible peak pairs A and B (see Fig. 4a and
Fig. S3) which have been previously observed [10,32-34]. The peaks do
not shift significantly with changing scan rate (Fig. S3c) as expected, and
the small fluctuations in the peak position of Ay at different scan rates
are similar to fluctuations of the “ideal” ferrocene (Fig. S1b), indicating
a reversible electrochemical system. Another indication for a reversible
peak pair is a peak-to-peak separation of approximately 59 mV [37], and
although the peak-to-peak separation of 92 mV is significantly larger
than the ideal 59 mV, this is normal for non-aqueous solvents [43]. In
comparison, the average peak-to-peak separation measured for the
ferrocene only experiment (Fig. 4e and Fig. S1) was 106 mV.

The first peak pair in Fig. 4a (Aox — Ared) can be associated with the
position of the HOMO and is probably caused by oxidation of one of the
two symmetrical tertiary amine groups. The second peak pair (Boy - Bred)
can be associated with the HOMO+1 energy level. The peak current of
Box was similar to the peak current of Ay, suggesting that also the sec-
ond reaction is a one-electron process. To compare the peak currents,
Aox was measured from the base of the peak (4.9 pA for 100 mV/s) and
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Box was measured from the dip between Ayx and By (3.8 pA for 100 mV/
s). This determination of the peak height is not very precise, because the
onset of Byy cannot be determined since Aqx obscures the true onset of
Box. However, the ratio of Agx:Box = 1:0.8 cannot account for a multi-
electron process and the qualitative assessment holds firm.

Since CVs of NPB show relatively ideal reversible electrochemical
behavior, the position of the HOMO of NPB can be directly determined
from the redox potential of the Ayx — Areq peak pair using Equation (5).
The redox potential was evaluated from 18 separate scans recorded at
five different scan rates and for both, the NPB-only CVs and the NPB in
the presence of ferrocene CVs (see ESI Figure S3). The redox potentials
of NPB were then individually determined and averaged over all 36
measurements to yield a value of 0.311 V vs. Fc with a standard devi-
ation (o) of 8 mV. Using the second method (Equation (7)) to extract the
redox potential, as discussed in section 3.2, the value is 0.321 V vs. Fc (6
= 5 mV) (see Fig. S8). After conversion to the vacuum scale using
Equation (3), we obtain a HOMO energy level of —5.301 eV or —5.311
eV, respectively. This aligns well with literature values, where HOMO
energy levels between —5.18 [33] and —5.7 eV [44,45] were reported.
The HOMO+1 energy level was also assessed using the redox potential
and was 0.564 V vs. Fc (6 = 12 mV), or —5.55 eV.

4.1.2. TCTA

The first report of the hole transporter TCTA was by Shirota and co-
workers [11]. The HOMO was reported as a solid-state ionization po-
tential of 5.7 eV, without giving further experimental details. Many
subsequent publications do not mention the origin of their energy level
information and no electrochemical characterization was found.

The lack of electrochemical characterization may be associated with
the more complex electrochemical behavior of TCTA. The CV of TCTA
shown in Fig. 4c and Figs. S4-5 is clearly complex. The HOMO of TCTA
can be associated with the Ay, Areq peak pair. The oxidation peak Aqx
appears reasonably reversible, as the peak current is proportional to the
square root of the scan rate (see Fig. S4c) and the peak potential does not
shift significantly with the scan rate (see Fig. S4d). The peak current is
similar to the peak current measured for NPB or for ferrocene, sug-
gesting a one-electron process. However, the reduction peak Aq does
not fit well with Ay. It is too large and too sharp to be simply caused by
the reverse of the oxidation reaction. Instead, A,eq is distorted by the
more anodic peaks labelled as Byx and Byq in Fig. 4c and in Figs. S4a and
b. We note that the distortions remained when the potential was
reversed just after A,y and before the peak B,y was reached. By consists
of two strongly overlapping oxidation peaks. The reverse peak Bieq is
strongly overlapped by A4, especially at faster scan rates. The steep
shape of B,y and subsequently A,¢q indicates complex electrochemical
behavior, likely associated with electrochemical deposition and strip-
ping processes. This is supported by further electrochemical observa-
tions: If the potential window is increased to even more positive
potentials, the cyclic voltammograms start changing significantly from
scan to scan (Fig. S5), a further tell-tale sign of a changing electrode
surface and electrodeposition. The electrodeposition process was
confirmed by a visible deposit observed on the electrode surface after
such an experiment, shown as insets in Fig. S5 and has also been re-
ported in Ref. [46]. Therefore, the reduction peak should not be used for
extracting the HOMO level.

As the reduction peak was not reliable, the potential of the HOMO
was determined from the oxidation peak only. The HOMO (averaged
over all 36 measurements) was 0.483 V vs. Fc (6 = 5 mV) (see Fig. S8),
corresponding to a HOMO energy level of —5.473 eV in the vacuum
scale. HOMO energy levels in the literature were reported between
—5.09 eV [47] and —5.9 eV [48], agreeing well with our finding.

4.1.3. PO-T2T

Hung and co-workers who first reported on PO-T2T described the
electrochemical behavior of the LUMO of the electron transporter PO-
T2T as quasi-reversible [12]. CVs of PO-T2T are presented in Fig. 4b,
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NPB TCTA PO-T2T B3PYMPM

with a larger version of the CVs provided in the supplementary infor-
mation (Fig. S6). A tiny peak pair (Bred, Box) is followed by a second,
more prominent peak pair (Ared, Aox)- The smaller peak pair (Byeq, Box) at
potentials near —1.6 V and —0.8 V is associated with electrochemical
reactions of the platinum electrode. Similar peaks were also observed in
the pure electrolyte (see Fig. S2) and no corresponding peaks were
observed by Hung et al. who used a glassy carbon working electrode for
their voltammetric characterization [12].

The LUMO level of PO-T2T is associated with the reduction peak of
the main peak pair (Ared, Aox)- While the reaction of the main peaks is
clearly not fully reversible, given the small oxidation peak, the reduction
peak nevertheless shows relatively reversible behavior. The oxidation
peak (Aox) was only weak and disappears for slow scan rates. Even at the
faster scan rates the oxidation currents only corresponded to approxi-
mately 15% of the reduction currents. Judging solely on the reversibility
of the main peak pair, one might mistakenly conclude that PO-T2T is not
a good semiconductor, despite its proven use in OLEDs. This effect is
even more pronounced in B3PYMPM as discussed below.

The peak current of A;eq scales linearly with the square root of the
scan rate (cf. Fig. S6¢) and the peak potential is not strongly dependent
on the scan rate (see Fig. S6d). The magnitudes of the LUMO currents are
similar to the currents measured for the HOMO peaks of the hole con-
ductors and ferrocene, suggesting that also this process is a one-electron
reaction.

The position of the LUMO of PO-T2T was determined from the
reduction peaks of the 36 data sets analogous to the method used for
TCTA and was —2.032 V (6 = 8 mV) (see Fig. S8). The corresponding
LUMO level in the vacuum scale is thus —2.958 eV, agreeing well with
the literature, where LUMO levels between —3.5 eV [49-51] and —2.83
eV [12,52] have been reported.

4.1.4. B3PYMPM

On first inspection, B3PYMPM shows similar electrochemical
behavior to PO-T2T (see Fig. 4d). A large main signal (Ared, Aox) i
preceded by a small peak pair (Bred, Box), which can be associated with
the platinum surface (see Fig. S3 and section 4.1.3). However, compared
to PO-T2T, the main redox peak pair (Aredq,Aox) is not behaving in a
reversible manner, with the peak reduction potential shifting clearly as a
function of the scan rate (cf. Fig. 4d and S7e) and the peak current not
being linearly dependent on the square root of the scan rate (Fig. S7d).
Aoy is fully suppressed for fast scan rates and only appears very tenta-
tively for slow scan rates. It is interesting, that for an electron conductor
material the electrochemical electron extraction is completely absent. If
the electron injection were indeed not reversible at all, the available
material in a device would quickly be used up and the device would stop
working. Most likely, the lack of an electrochemical oxidation peak
cannot be directly related to the solid-state behavior of B3SPYMPM. Thus,

care must be taken when judging the quality of a potential OLED ma-
terial solely from its electrochemical behavior.

Another notable observation is that the reduction peak associated
with the LUMO is extremely large. The observed currents are approxi-
mately double the currents observed for the other materials, despite the
concentration being nominally equal. This suggests that the number of
transferred electrons in the reaction may be two, possibly because the
LUMO and the LUMO+1 are energetically very close together so that the
electrochemical signals overlap. However, further investigations would
be needed to confirm this.

The LUMO of B3PYMPM was again determined from the reduction
peak only and was at —2.325 V vs. Fc (6 = 26 mV) (see Fig. S8). On the
vacuum scale this gives a LUMO energy level of —2.665 eV. A broad
range of LUMO levels have been reported in literature, ranging from
—2.4 eV to —3.53 eV [13,35,51,53,54].

B3PYMPM was the only material we investigated where the LUMO
and the HOMO are within the electrochemical window of the electro-
lyte. In the literature, one report was found where the HOMO energy
level was determined from a very small, irreversible oxidation peak in
the CV [35]. We could also access the HOMO of B3PYMPM (see
Fig. S7c). The very small oxidation peak suggests a HOMO potential of
1.2 V vs. Fe, corresponding to a HOMO energy level of —6.19 eV in the
vacuum scale. The oxidation peak associated with the HOMO was not
stable in subsequent scans and was thus not further investigated.

4.2. Comparing energy levels to literature values

The electrochemically determined HOMO and LUMO energy levels
are summarized in Table 1 together with the energy levels estimated for
thin films from Equation (9) using the conversion parameters listed in
Table S1. A visual representation of the electrochemical potentials and
the energy levels in the vacuum scale as a function of the scan rate is
further provided in the supporting information (Fig. S8). The electro-
chemical HOMO or LUMO potentials vs. ferrocene and the energies vs.
the vacuum scale are provided together with information about the
ferrocene redox potential vs. SHE and the vacuum conversion scale.
Providing these data is necessary to make electrochemical studies
comparable.

In Fig. 5 the electrochemically determined HOMO and LUMO energy
levels of the OLED materials are compared to values found in the liter-
ature [10-13,33,35,44,45,47-63]. The literature values are from elec-
trochemical measurements in solution, from measurements on thin films
using different techniques, or from other sources as indicated with the
markers. Fig. 5 shows that the electrochemically determined HOMO and
LUMO energy levels presented in this report compare well with the
literature data, independent of how the energy levels were determined.
What is most striking about the figure is that there are sometimes very
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large differences between the cited energy levels for the different ma-
terials and that in many publications it is not entirely clear how the
information about the energy levels was obtained. This discrepancy
clearly underlines the relevance of the present work and for a unified
approach to energy level determination.

5. Conclusions

This paper presents an easy-to-follow method for the determination
of frontier orbital energy levels of small molecular organic semi-
conductors from cyclic voltammetry measurements in solution. The
presented analysis of the cyclic voltammograms allows the evaluation of
non-ideal CVs and describes the conversion from the electrochemical to
the vacuum energy scale for the HOMO and LUMO energy levels. The
measured HOMO and LUMO energy levels of the four investigated OLED
materials correspond well with literature values. Even though the en-
ergy levels are not measured in the same dipolar environment as in the
final device stack, we argue that cyclic voltammetry measurements in
solution yield fairly accurate estimations of the energy levels, especially
since the spread in existing literature data is rather large. The presented
method should support and motivate future studies to perform cyclic
voltammetry measurements on a regular basis to provide more accurate
HOMO and LUMO energy levels.
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