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The Role of Initial and Final States in Molecular Spectroscopies

Tino Kirchhuebel,*2 Oliver L. A. Monti »¢, Toshiaki Munakata ¢, Satoshi Kera ¢, Roman Forker 2 and
Torsten Fritz@

Interpreting experimental spectra of thin films of organic semiconductors is challenging, and understanding the relationship
between experimental data obtained by different spectroscopic techniques requires a careful consideration of the initial
and final states for each process. The discussion of spectroscopic data is frequently mired in confusion that originates in
overlapping terminology with however distinct meaning in different spectroscopies. Here, we present a coherent framework
that is capable of treating on equal footing most spectroscopies commonly used to investigate thin films of organic
semiconductors. We develop a simple model for the expected energy level positions, as obtained by common spectroscopic
techniques, and relate them to the energies of molecular states. Molecular charging energies in photoionization processes,
as well as adsorption energies and the screening of molecular charges due to environmental polarization, are taken into
account as the main causes for shifts of the measured spectroscopic features. We explain the relationship between these
quantities, as well as with the transport gap, the optical gap and the exciton binding energy. Our considerations serve as a

model for weakly interacting systems, e.g., various organic molecular crystals, where wave function hybridizations between

adjacent molecules are negligible.

Introduction

Understanding the properties of thin films of small organic
molecules is important for tailoring materials to the demands of
organic-based applications, such as light-emitting diodes
(OLEDs), photovoltaic devices (OPVDs), and field-effect
transistors (OFETs).1> A thorough characterization requires the
use of various complementary experimental techniques.
However, the coherent interpretation of the different types of
spectroscopic results from these methods is challenging since
many different effects must be considered.

Our Perspective provides a framework to understand and
interpret the results of different experimental spectroscopies
used to probe organic thin films. There is a clear need for the
development of such a coherent framework which regards the
measurement process itself and the associated initial and final
states. This is essential if spectroscopy is to guide rational design
of organic electronic devices.Small organic molecules represent
a quantum system, consisting of few atomic nuclei and a
countable number of electrons, confined to a finite spatial area.
Adding or removing an electron, as is done in some of the most
common spectroscopic approaches to characterize organic
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semiconductors, has a significant impact on the overall
interactions and energetics in these systems. As a consequence,
the molecules relax and take on a new electronic structure.
Taking such perturbations by the measurement processes into
account is especially important when comparing results from
different types of spectroscopies, since different states (anionic,
neutral, or cationic) may be probed in different spectroscopies,
rendering interpretation of the results anything but
straightforward.

Here, we consider effects to be expected from different variants
of photoelectron spectroscopies and optical spectroscopy,
since these constitute the most widely used methods to study
thin films of organic molecules. The energies of the lowest
occupied molecular orbital (LUMO), measured in two-photon
photoemission (2PPE) and inverse photoelectron spectroscopy
(IPES), for example, can differ by as much as 1 eV.%7

We develop a clear, consistent, and simple model that explains
the physical origins of such discrepancies, differentiating what
can be learnt from the various experimental approaches. This
model establishes relationships between different physical
effects and their influence on the energetic positions of
spectroscopic features. While most of the ingredients are
already known separately, we aim in the present article to put
everything into a coherent, consistent and uniform framework.
We identify on-site Coulomb energies, which are similar to
classical charging energies, as the main reason for apparent
discrepancies between the measured energies of the different
spectroscopies. In our model we will use the term “charging
energies” for them to emphasize their physical origin, as also
used by others.® ° These are closely related to the on-site
Coulomb Energy U in the Hubbard model,” 1011 where U = E¢
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+ E¢ within the framework of our model. Further, the role and
the nature of the molecular initial and final states involved in
the various spectroscopic processes will be addressed in detail
as they are crucial for the interpretation of the measurement
results.

A universal model for the spectroscopy of organic thin films is,
however, challenging to formulate, for several reasons. Besides
the spectroscopic processes themselves, the molecular
environment has a strong influence on the measured spectra.
The electronic properties and the optical absorption of
molecules within films are strongly altered compared to
isolated molecules in the gas phase, due to molecule-molecule
and molecule-substrate interactions. Typically, a variety of
different interaction mechanisms contribute to the thin film
properties: Wave function hybridization and band dispersion,
charge transfer between a conductive substrate and the
molecular adsorbate, polarization and screening, as well as
excitonic coupling. As there are various superimposed effects
that may even influence each other, a particular interaction
mechanism can often not be studied separately.

Fortunately, in many cases organic molecules interact only
weakly with their environment, predominantly through van der
Waals forces, as well as electrostatic forces. Our model focuses
on such weakly interacting molecular films. These represent
ideal model systems since they are affected by a smaller
number of different interaction mechanisms that can be
disentangled more conveniently. The molecular wave functions
can then be approximated by the orbitals of isolated
monomers, only weakly perturbed by the environmental
interactions, as far as the shape and especially the localization
on a single molecule are concerned. Moreover, these weakly
interacting  systems react especially
measurement-induced perturbations.
Spectroscopic processes can induce rather strong interactions,
e.g., through the generation of electrostatic monopole fields
(first order approximation) which polarize the environment.
Thus, the charging energies and, consequently, the energies of
spectroscopic molecular features depend very sensitively on
the environmental polarizability. Comparing IPES and 2PPE, for
example, this polarization effect can cause an energy shift of the
corresponding unoccupied levels into opposite directions with
increasing molecular film thickness, an observation that may
appear confusing at first glance.

At the heart of the problem is the common use of the language
of single-particle orbitals for the explanation of spectroscopic
features stemming from many-body objects (molecules). Our
model is based on transitions between quantum mechanical
states instead, and we explain how to establish a corresponding
single-particle view which resolves common misconceptions
and errors. For this purpose a new labeling scheme for
experimentally determined features is presented, further
developing ideas discussed by Zhu'2. This scheme does not only
account for the altered electron configuration, i.e., the orbital
probed, but also for the initial and final (charge) state resulting
from the measurement process.This perspective is organized as
follows. In the beginning, we discuss the underlying principles
of our model, starting with the initial and final states of

sensitively  to
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spectroscopic processes. We further present a way to
consistently incorporate these processes into two equivalent
types of diagrams - state diagrams and energy level diagrams.
At the end of this section the weak interaction limit, required
for the applicability of our model, is defined. The second section
introduces the concept of charging energies caused by
perturbative effects of the measurement processes as the origin
for energetic shifts of the measured states and energy levels,
and explains their relationship to the exciton binding energy. In
the third section, the influence of environmental effects such as
polarization or integer charge transfer on states, energy levels,
the transport gap and the optical gap is discussed.
Subsequently, other effects which should be considered for the
interpretation of spectroscopic data but are not included in the
present state of our model, are discussed. We finish this
perspective with a summary of the main ideas, drawing
conclusions about the importance of our model.

Fundamentals and Definition of Terms in the
Model

In this section, we explain the underlying principles and
assumptions of our model and discuss its limitations. We
present a systematic approach for creating state diagrams and
related energy level diagrams in a consistent way.

Initial and Final States in Different Spectroscopies

Any spectroscopic process, such as ionization, photon
absorption or emission, represents a perturbation of the
molecular quantum system. The latter is fully characterized by
a state, which is a many-body wave function, representing all
electrons and nuclei of the probed molecule, as well as each
particle that interacts with them. A spectroscopic process
initiates a transition from an initial state, which existed before
the process took place, to a final state.

As will become clear throughout this perspective, the initial and
final states of spectroscopic processes have a strong impact on
the energetic positions of the corresponding spectral
features.'® 15 Thus, considering these states is crucial for the
interpretation of such spectra, and, in particular, for the
comparison of data obtained from different spectroscopic
techniques. Here, we will focus on four different experimental
methods: ultraviolet photoelectron spectroscopy (UPS), inverse
photoelectron spectroscopy (IPES), optical spectroscopies, and
two-photon photoelectron spectroscopy (2PPE). All four are
among the most important techniques for measuring occupied
and unoccupied molecular levels, the transport gap, the optical
gap, the exciton binding energy, as well as other properties of
molecules in the gas phase, solution, or thin films. We briefly
summarize the outcome of each of these spectroscopic
techniques in what follows.

Fig. 1 provides an overview over the possible initial and final
states of the key spectroscopic processes of the four
experimental techniques. Since the UPS, IPES and optical
spectroscopy processes are discussed thoroughly in the
literature,’>23 we will not explain them in detail here. An often

This journal is © The Royal Society of Chemistry 20xx
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Figure 1 - Simplified scheme of the typical spectroscopic processes in UPS, 2PPE, IPES, and optical spectroscopies in relation to their initial and final states. Thick lines represent

the types of energy levels which are probed in the particular processes, and their color coding refers to the molecular state which is most significant with respect to the measured

energy of the spectroscopic feature (red: cation, blue: anion, black: neutral). This color coding is used throughout this Perspective. Note that for 2PPE the “initial state” in this

scheme refers to the probe process only; it is often called “intermediate state” considering the two-step absorption of pump and probe photons.

overlooked but important fact is that UPS and IPES generate (at
least temporarily) positively and negatively charged molecules,
respectively, while optical spectroscopies (in the absence of
charge transfer excitations) leave the molecules in an overall
uncharged excited state.® 7
The three different 2PPE processes illustrated in Fig. 1 may
require a more detailed explanation. The characteristic feature
of 2PPE is the absorption of two photons, which can be
understood as a two-step process: The pump process is often
considered as the transition from an initial state to a so-called
“intermediate state”, and the probe process as the transition
from this intermediate state to a final state. In our
considerations, we typically refer to the probe process only,
and, thus, the intermediate state is equivalent to the use of an
initial state throughout this paper.
An exception is the 2PPE(1) process, where no intermediate
state exists. In this case we treat the two-photon absorption as
a one-step process. Probing occupied levels in 2PPE
experiments by non-resonant pump-probe-processes (no
intermediate state available to match the pump photon energy)
is phenomenologically equivalent to UPS. Thus, the process
2PPE(1) will not be explained further, since the only difference
to UPS is the absorption of two photons instead of one, and
associated selection rules.
The 2PPE processes in the measurement of unoccupied levels
are much more complex and rather difficult to interpret since at
least two different excitation channels have to be considered:
2PPE(2) This is the most typical process when unoccupied
levels are probed in 2PPE: The pump photon resonantly
excites an electron from an occupied molecular level into an
unoccupied molecular level. The intermediate state of the
two-step 2PPE process is a neutral excited molecule, where
an exciton is formed. The probe photon causes the
ionization of the excited molecule, and the final state is a
molecular cation plus an electron in vacuum.
2PPE(3) This process can only occur for molecules adsorbed
on a substrate or within a molecular film: The hole in a
formerly occupied level, created by the pump-excitation, is
refilled in a charge-transfer process between the
environment and the molecule in the intermediate state.

This journal is © The Royal Society of Chemistry 20xx

Alternatively, an electron can be excited directly from

neighboring molecules or the substrate into an unoccupied

level of a molecule. In both cases the intermediate state of

the two-step 2PPE process is an anion, whereas the final

state is a neutral molecule plus an electron in vacuum.
Whether process 2PPE(2) or 2PPE(3) is dominant in spectra of
molecular films depends on the energy level alignment as well
as on the spatial wave function overlap between the molecules
and their environment.

State Diagrams and Energy Level Diagrams

In order to summarize spectroscopic results, most researchers
resort to energy level diagrams as the most common language
adopted when discussing thin film electronic structure. As
explained by Zhu, however, this can be very problematic:?
Especially when quasi-particles such as excitons or polarons
come into play, there is a danger to mix single-particle levels
with those of quasi-particles. Without careful consideration,
such diagrams may lead to erroneous conclusions.

In contrast, the presentation of spectroscopic data in the form
of state diagrams — though less common —is less controversial,
and we adopt this approach to discuss what can be learnt from
the different spectroscopic methods. Such quantum states
describe the full many-body wave function of all particles in the
molecule, as well as all particles the molecule is interacting with.
Thus, the initial and final states of any spectroscopic process
can, in principle, be illustrated within one diagram. In a
spectroscopic experiment, the energy balance of the particle
used to probe the molecule and the particle which is finally
detected provides the information about the energy difference
between final and initial state. When the initial state is the
ground state (So) and the final state is the electronically relaxed
cation with the photoelectron at rest in vacuum, the energy
difference is the ionization energy IE(So). The labelling “So“ is
necessary for a distinction vis-a-vis the ionization energy I1E(S1
) of the excited molecular state (S1), accessible in 2PPE
experiments. The anion state is located below the ground state,
meaning that the energy corresponding to the electron affinity
EA(So) can be gained by accepting an additional electron. In
optical absorption spectroscopy, an excited molecular state is

Phys. Chem. Chem. Phys., 2018, 00, 1-3 | 3
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generated from the initial ground state, which requires an
energy amount equal to the optical gap. The advantage of this
kind of scheme is its clarity and correct inclusion of all many-
body effects.

One disadvantage of the states view is that the transport gap,
also referred to as fundamental gap, cannot be deduced from
this type of diagram. Relating the states picture to the simpler
single-particle view is however not entirely straightforward
since it is not a priori obvious which molecular orbitals are
actually probed in these processes. Both types of diagrams can,
nevertheless, be transformed into each other, as long as the
transformation keeps the observable energies invariant.!?
These invariants, namely the EAs, the IEs, as well as the optical
gap, appear in the energy balances of spectroscopic processes.
Thus, the direction and length (energy difference) of the
corresponding vertical arrows have to be equal in both
diagrams, as they define how much energy is gained or spent in
a specific process. The two pictures are shown side-by-side in
Fig. 2.

In the energy level diagram, the energies of molecular levels are
defined with respect to the vacuum level Ey;¢, representing the
reference energy, and the corresponding energy differences are
the /IE and EA arrows. Each level is labeled as the molecular
orbital which is probed in the measurement process. In
photoelectron spectroscopies this is the orbital which initially
hosted the photoelectron, whereas in inverse photoelectron
spectroscopies it is the former unoccupied orbital, which is

B STATES

electronically relaxed
cation

IE(S4)
IE(Sq)

non-geometrically
relaxed
excited state (S,)

optical
gr7e] optical

fully relaxed neutral
ground state (S,)
-EA(Sq)

electronically relaxed
anion

occupied with the accepted electron in the final state. In the
case of 2PPE measurements, it is either an initially unoccupied
orbital populated by the pump photon in the intermediate
state, or an initially occupied orbital in the case of non-resonant
ionization.

However, applying this transformation creates a problem: The
LUMO energy has multiple possible definitions. For instance,
the IPES process can probe the LUMO; here the corresponding
feature occurs at the energy amount of the EA(Sp) with respect
to the vacuum level. Alternatively, the process 2PPE(2) (see Fig.
1) measures the LUMO at the amount of IE(S1) below Evqc. In
general, the absolute values of the independent quantities EA(
So) and IE(S1) are different, generating discrepancies between
possible LUMO energies, obtained from different spectroscopic
techniques. Similar problems occur for all other unoccupied
energy levels, as well as in other spectroscopic techniques not
taken into account here.

These considerations make clear that such a simple labeling
scheme is not sufficient for the identification of spectroscopic
features, and a more elaborate set of labels is necessary
instead. This scheme is already applied in Fig. 2 and will be
introduced in detail in the next subsection.

Proposed Labeling Scheme for Energy Levels

Peaks in electronic spectroscopies are commonly labeled using
an energy level scheme (HOMO, LUMO etc.).

@ ENERGY LEVELS

______ 7 R
IPES | 2PPE(3)
LUMO", X
LUMO®! 2PPE(2)
0* A
transport| optical
] T optical
UPS | 2PPE(1
v 'HOMOE' A 4 h 4
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Figure 2 - The relation between multi-particle molecular state diagrams and single-particle electronic energy level diagrams, under the restriction that the occupations of only HOMO
and LUMO can be altered. According to Fig. 1, the black boxes link several elements to the spectroscopic processes they can be measured with. (a) The typical order of different
molecular states on the scale of their total energies. Any spectroscopic process is represented as a transition between two such states, where the energy differences, represented
by arrows, determine the energies of the spectral features. (b) A conversion into the single-particle representation of molecular orbitals must leave these arrows invariant. As one
particular molecular orbital may be probed by multiple processes, involving different initial and final states, the corresponding features can appear at several different energies. To
distinguish such features, the energy levels are labeled with the initial and final states according to the labeling scheme, introduced in the main text. The color coding refers to the
state which mainly determines the energy of the measured level.

4| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx



Page 5 of 18

Many research reports remain silent on the fact that
experimental techniques measure transitions between states,
from which the energies of particular orbitals cannot be
extracted unambiguously. This problem is due to the fact that
the influence of the measurement process (as detailed below)
tends to be ignored. Thus, the spectroscopic transition is better
characterized by indicating “initial charge state, final charge
state, and altered electron configuration”.

In order to provide a consistent framework compatible with the
popular single particle language while maintaining the correct
physics of transitions and states, we next introduce an extended
labeling scheme that includes initial and final states of the probe
process, i.e., the process that determines the spectroscopic
features, as follows:

final state of probe process
L[':VE]-‘initial state oPprobgprocess

“LEVEL” is to be substituted with H{OMO), L(UMO), H(OMO)-1,
and so on. The following sub- and superscripts are most
common for states in the limit of weak interactions being
relevant to organic electronics and assuming integer charges on
the molecules: 0 (neutral ground state), -1 (negatively charged
state = anionic state), +1 (positively charged state = cationic
state), 0* (neutral excited state). We remind the reader that in
the case of 2PPE, "initial state" refers to the intermediate state
of the 2-step-process after the absorption of the first photon.
Even if we use the terms “HOMO” and “LUMO”, which contain
the word “orbital”, the two-fold indexed “levels” in our energy
level schemes represent transitions between states in a
consistent way, taking care of many-body effects. Table 1 shows
some examples of frequently used labels and their associated
spectroscopic transitions.

Note that throughout the paper we will label the energy levels
by the names of the orbitals in the neutral molecule that they
are derived from, in order to avoid confusion. For example,
what is called LUMO will actually contain an electron if the state
is an anion.

Of course, this labeling scheme does not fully characterize the
relevant molecular states: For example, the degree of
vibrational excitation is not specified, the complete electronic
configuration within a single determinant picture is not
indicated, etc. We make the following further assumptions to
simplify the discussion in what follows:

i) The molecule is assumed to be in its neutral ground
state geometry. Within a molecular film, this ground
state geometry can, of course, be different from the
gas phase geometry. Intermediate and final state
nuclear relaxation processes are neglected, and thus
the indices “+1” (“-1”) indicate that the cation (anion)
state involved in the spectroscopic transition is only
electronically relaxed. This is justified since often
nuclear relaxations are too slow to affect
photoemission processes which occur on time-scales
of 101°-10%s,24 and in that case only vertical
transitions need to be considered.?®

ii) In general, the excess hole (excess electron) is
assumed to be located in the HOMO (LUMO). In

This journal is © The Royal Society of Chemistry 20xx
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instances where this is not the case, we use the prime
symbol (') to indicate that, e.g., the hole resides in a
deeper-lying orbital. For example, (L(T*l)’ may indicate
a 2PPE process where the excited intermediate state
contains an electron in the LUMO and a hole in any
level below the HOMO.

Definition of Weakly Interacting Molecular Systems

We finish this introduction of our model by defining the weak
interaction limit more explicitly. We define the term “weak
interaction” as a perturbative limit, where the electron wave
functions can still be reasonably approximated by the
unperturbed molecular orbitals. This requires that wave
function mixing and non-integer ground state charge transfer
between different molecules or between molecules and the
substrate are negligible.?® The model developed below may
therefore not be applicable to molecules in strongly hybridized
wetting layers on a metal surface. The limitation for the
applicability of our model lies in the fact that each molecule
must be treatable as a chargeable entity, which is either charge-
neutral or contains an integer elementary charge.

As the most important consequence and advantage of this limit,
there are then well-defined initial and final states, which
contain, to a good approximation, integer
elementary charges, and that are essentially molecular in
character.

In this limit the single-electron wave functions / orbitals are only
slightly altered in shape, and are not strongly energetically
broadened by their environment. The gas phase molecular
orbitals then provide a suitable basis to describe the molecular
levels. Energy renormalization is included, but the formation of
electronic bands etc. falls outside the range of weak
interactions. Note that screening effects by environmental
polarization are, however, included. These may stabilize excess
carriers still localized on a charged molecule.

The weak interaction limit is trivially fulfilled by non-interacting
isolated monomers in the gas-phase, but it is also realized in
molecular films where the molecules interact, e.g., only through
van der Waals forces, Coulombic dipole and multipole forces, as
well as hydrogen bonds. The spectroscopic features of weakly
interacting molecular systems typically consist of rather sharp
and often even vibrationally resolved peaks. In contrast,
hybridization and covalent bonds, i.e., the mixing of wave
functions, fall into the category of strong interactions, beyond
the scope of this model. Further, we will not discuss any effects
of exciton interactions between neighboring molecules, such as
Frenkel exciton coupling or charge transfer excitons,?” as well as
other more exotic effects such as the Kondo effect.

Despite these restrictions, our model is a suitable description
for a wide range of molecular films, since most organic
molecules form van der Waals bound crystals. The validity holds
true for weakly to moderately reactive substrates such as
graphite crystals or graphene, various two-dimensional
insulators,?® and even for molecules on metals beyond the
wetting layer which are not in direct contact with the substrate
surface.?® 2932 For molecule-substrate-systems which do not
fulfill the preconditions of our model, the insights developed

numbers of
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throughout this manuscript are still valuable: The model
provides an understanding of how Coulomb-based effects
contribute to the energies of spectral features, even when
further effects need to be considered and non-fractional charge
transfer needs to be included.

In contrast to the strong interaction limit where charges can be
redistributed, e.g., between molecule and surface, the
electronic probability density is concentrated in a limited
volume (e.g., the dimensions of a molecule) in weakly
interacting systems. As a consequence, these systems react very
sensitively to external perturbations such as the attachment or

Table 1 - Energy levels, related to different spectroscopic processes, in the denotation of our labeling scheme. The abbreviated forms of H for HOMO and L for LUMO are used.

UPS & 2PPE(1) | Probing the HOMO in UPS H?t
IPES Probing the LUMO in IPES Lyt
2PPE(2) Probing the LUMO in 2PPE Lgl
2PPE(3) Probing the LUMO in 2PPE (photo-hole quenching in the intermediate state) Lgt
Optical Probing the HOMO—LUMO transition through absorption spectroscopy Ho—>Lg *

the ionization of an electron during light—matter interaction. In
such cases, the molecules may become charged which is
accompanied by additional energy costs or gains.

The weak interaction approximation may of course cause
deviations between the model and experimental observations,
as a real physical system can rarely be classified as purely
weakly interacting. Instead, electronic wave functions show a
certain degree of delocalization in the presence of adjacent
molecules or a substrate. The individual molecule framework
used here is thus neither complete nor entirely accurate. It
nevertheless represents a useful framework that enables
interpreting molecular spectroscopy in organic thin films.

What is Really Measured? Perturbation by the
Measurement Process

Photoemission and optical spectroscopies used to characterize
organic thin films do not directly access the molecular ground
state, but instead report on transitions between different
states. This needs to be treated carefully when interpreting
spectroscopic data, in particular by taking into account charging

energies.! In this section, we will discuss the connection of the
specific measurement processes to the observed spectral
features. For the sake of simplicity, we start with an isolated
molecule and exclude the influence of the environment. In the
subsequent section we will add environmental interactions to
our considerations.

Charging Energies and the Ground State

The energy level scheme in Fig. 2 contains two different levels
both carrying the term LUMO, namely LUMO§! and LUMO 4,
indicating clearly the need for a more differentiated
nomenclature as proposed here, and a careful consideration of
their meanings. We develop next the concept of charging
energies, summarized in Fig. 3, and use classical electrostatics
to explore the difference between the two LUMO-derived
levels.

Adding a charge Q to a capacitance C requires an energy of %2
QZ/C. This is the classical charging energy, and it is ultimately
stored in the potential energy of all electrons. In the case of
molecules which contain a rather small number of electrons,
the classical formula is a rather poor quantitative description,

H 4">LUM0-1 1.. e,
h Ch‘?rgm,g * 0 excess  Coulomb excess A . “
f enr;ié)aftejrf}é’; : E; E electron  repulsion  electron separating
(electron in LUMO) %, ' 7 4 ' @ an exciton %
., n H ]
> e LUMO, Es E
o — et U minini ity R :
7] charging : -E¢ photo- ; :
= the molecule ? rel+ i hole o i generating
— positively -Ec in $  anexciton
(hole in HOMO) 5, ! Coulomb ; K
*., 1 attraction s <
*p LUMOG. .-
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Figure 3 - Energy level scheme of LUMO features, as measurable in different spectroscopic processes. The energy differences are related to their physical origins which are explained
in detail in the main text. We denote the ideal energy level of the ground state as LUMO, while the LUMOg™ and the LUMOG! represent the measurable energies. The energy
differences between these levels are mainly originating from the charging energies E¢ and E¢, and from the considerably smaller excited state relaxation energy EXl Inan
alternative representation, these energy contributions can be subsumed to the exciton binding energy Eg. The blue arrows inside the small illustrations represent the direction of
the electron movement with respect to the directions of Coulomb forces (black arrows). The latter can increase or reduce the kinetic energy Exinof the electron or the photon energy

hv, a5 indicated by small black upward or downward arrows behind these quantities.
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as electron correlation, exchange and other effects must be
taken into account. However, the nature of molecular charging
energies can be understood qualitatively based on this classical
phenomenon. For instance, according to this expression,
aromatic molecules with a larger m-electron system exhibit
smaller charging energies, since their effective capacitance is
higher. This is born out in most experimental data.33 34

In a Gedankenexperiment, we consider the ground state of the
neutral molecule as the starting point of the measurement. It is
characterized by hypothetical energy levels, labeled with the
lower index “0”, such as HOMOq (Ho) and LUMOg (Lo). To this
ground state, charges may be added or subtracted in the course
of the measurement, with energetic costs of the charging
energies. For example, when attempting to measure the LUMO
of the neutral molecule, LUMOy (L), an extra electron from the
vacuum level may be added to the molecule in an IPES
experiment. In an energy level diagram, the energy of the
spectroscopic transition is then defined as the energy difference
between the vacuum level and the LUMOg! level (Fig. 2b),
where

LUMOG' = LUMOy + E¢ . (1)

As a result, one cannot directly observe the energy of the
LUMO, orbital associated with the neutral ground state (EA(So
) <(Evac—LUMO,)). The energy required for bringing a
molecular electron into vacuum or the energy gain when
accepting an electron at rest equals the absolute energy values
of the corresponding unperturbed levels with respect to the
vacuum level plus the charging energies E¢ and —EC,
respectively. For example, if an electron from the vacuum level
is transferred to the LUMO in an electron acceptance process,
the energy EA(So) = (Evac —Lo) — EC = Eyac —Lg ' is gained.
In general, if either the initial or the final molecular state is an
anion, the spectroscopic peak corresponds to an energy level at
a higher energy than the corresponding unperturbed molecular
level. Our labeling scheme allows for the interchange of upper
and lower indices, without altering the energies of a level in the
single-particle picture, as the energy difference between the
initial and final states remains the same. For example, LUMOG?
and LUMO; describe the same energy level in Fig. 2 and Fig.
3, representing an IPES process and a 2PPE(3) process,
respectively. In the IPES process, Ec reduces the energy gain
through the electron acceptance, whereas it increases the
kinetic energy of the photoelectron in the 2PPE(3) process.

The charging energy Ec arises from the perturbation by the
additional electron, which generates a repulsive potential for all
other electrons. The charging energies are thus a measure for
the perturbation of the quantum system. Hence, in general the
charging energies are larger for smaller molecules and orbitals.
Note that we consider here only changes to the occupations of
HOMO and LUMO, but the model is easily extendable to other
orbitals, as discussed later. The LUMOg! level in our
terminology equals what is often just referred to as “LUMO” in
literature, which is used to define the transport gap.

If the initial or the final molecular state is a cation, the
spectroscopic peak transforms, within the energy
formalism, into an energy level at a lower energy than the

level
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corresponding unperturbed molecular level. When the
photoelectron in a photoionization process is not bound to the
molecule anymore, it is described by a new wave function. It is
then not correlated to the rest of the molecular electron system
anymore, and the electric field of the atomic nuclei is screened
less. In principle, the electron density corresponding to one
electron in the former occupied orbital is now missing, and its
behavior can be rationalized as a positively charged cloud in the
sense of a defect electron (hole). While the photoelectron
moves in the attractive potential of the molecular cation it loses
kinetic energy. The total energy loss on its way to the detector
is the charging energy E¢". The LUMO"!, determined from,
e.g., the 2PPE(2)-process, is then observed at an energy of LUM
0o minus E¢ . The LUMO¢} corresponds to what is sometimes
denoted as optical LUMO,3> owing to the relationship that it can
be estimated from the HOM O™ plus the optical gap. The HOM
04! represents the “HOMO” experimentalist
terminology.

In summary, in this Gedankenexperiment, each ground state
level is located between the corresponding anion and cation
levels. The smaller the charging energies, the more closely all
levels approach the energies of the ideal ground state levels of
the neutral molecule (Fig. 3).

in typical

Charging Energies and the Exciton Binding Energy

A common but misleading experimental practice is the
determination of the “LUMO” energy level from the “HOMO”
plus the optical gap. We strongly emphasize that this approach
may lead to large errors, since the transport gap and the optical
gap are fundamentally different. Instead of the LUMOg !, which
is associated with the transport gap, this procedure actually
provides an estimation for the energy of the “optical” LUMOg"}.
According to Fig. 3 the corresponding error equals the sum of
the charging energies (E¢ + E¢ ). As explained below, the
associated error can be substantial when applied to molecules
in a weakly polarizable environment. For molecules in the gas
phase, for example, the difference of transport gap minus
optical gap can be as large as several eV.

As Fig. 3 illustrates, the charging energies are directly related to
the exciton binding energy of a molecule. We will explore this
concept in more detail next.

The exciton binding energy is the energy difference of the
transport gap minus the optical gap. The optical gap is just
slightly smaller than the Hy-Lo-gap of the unperturbed ground
state: Using another Gedankenexperiment (see Appendix A)
where a molecular exciton is separated, one can show that the
exciton binding energy is to first-order the sum of the charging
energies.3® The electron in the LUMO of an electronically
relaxed excited molecule is therein transferred to a second
identical molecule, reaching the final state of an electronically
relaxed anion and an electronically relaxed cation. Then,
ionizing the excited molecule is actually the same as probing the
LUMOG"!, and accepting an excess electron by the second
molecule equals the process of probing the LUMOg . Thus, the
energy difference between the LUMO and the LUMOG ' is
the exciton binding energy Ep, which has to be spent for the
separation of the exciton while the electron is transferred from
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the LUMOG"! to the LUMOG ! This consideration leads us to the
following approximation for the exciton binding energy E:

(2)
exc

rel is the excited state relaxation energy, which takes
the time-dependent nature of optical excitations as well as

exc
rel »

Eg~Ed +Ec +

where

other relaxation processes originating from the altered electron
configuration in the excited state into account.

Environmental Interactions in Molecular Films

A molecule embedded in a film or adsorbed on a substrate
experiences forces by interactions with its environment,
causing additional shifts of the energy levels, as illustrated in
Fig. 4. We separate these interaction energies into permanent
interactions W, which affect the molecular ground state and all
other states, and induced interactions P, which only occur if the
molecule is perturbed externally. In order to distinguish isolated
molecules in the gas phase from molecules in a condensed (e.g.
adsorbed) state, we label the energy levels of the latter with
“ads

”
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In the framework of our model, each energy level can be
affected by a total shift of

AE = F(E¢ —P*) —w —ES¥
exc (3)
rel

Tt
+Eceff—’bl)’—

with respect to the energy of the corresponding unperturbed
molecular level. Here, EE, P ¥, w and ESX are typically positive
quantities, representing charging energy, polarization energy,
permanent interaction energy, and excited state relaxation
energy. These are discussed in more detail in the following
sections. The positive and negative signs apply for (Ec_ — P_)
and (Ec+ —Pp +), respectively. Depending on the respective
energy level, some of these quantities can be zero, and positive
values of AE describe an upward energy shift.

Permanent Interactions

Molecules adsorbed on a substrate or embedded in molecular
films are always affected by permanent interactions. Each

molecule interacts with adjacent molecules or with the
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Figure 4 - Influence of permanent (#) and induced (P) environmental interactions on the molecular states (a) and measured energy levels (b). While the charging energies Ec, which

destabilize charged states and can cause the energy levels to shift into different energy directions, have the largest impact for molecules in the gas phase, other effects do only occur

within a polarizable environment. The permanent interactions ™" are stabilizing forces, arising from van der Waals or permanent electrostatic forces. They cause down-shifts of all
molecular states depending on the number of molecular electrons. In contrast, induced interactions P only occur for charged molecular states which are stabilized as a result of the

environmental screening. This reduces the charging energies. EYef is not considered here for the sake of simplicity.
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substrate through van der Waals forces or
electrostatic dipole and multipole moments.

The total permanent interaction W (state), which characterizes
the adsorption energy of a molecule, contains molecule-
substrate and molecule-molecule contributions. For an
adsorbed molecule in any particular state this energy is
attractive, and W(state) is then defined as a positive quantity,
here. This leads to a stabilization of all molecular energy levels
and states which are thus shifted to lower energies with respect
to the gas phase. However, in a molecular orbital picture each
molecular level may shift individually by a different amount of
energy, as the molecular orbitals differ in their spatial extent
and polarizability. Thus, each electron is affected differently by
environmental interactions, which is indicated in our model as
an orbital-dependent quantity «(occupied orbital). The total
permanent interaction energy of the entire molecular state is
then the sum over the interactions of each single electron:

permanent

W (state) = Z aww (occupied orbital) (4)

all
electrons

Each molecular state is affected by an individual downward shift
W(state) which depends on the particular electron
configuration, according to Eq. (4). In compliance with typical
adsorption energies this quantity is on the order of several eV
for various organic molecules.36-38

Note that since HOMO and LUMO typically have similarly
extended wave functions, they are expected to experience a
similar shift, leading to a rather small difference

l[w(HOMO) — w(LUMO)| S 0.1 eV . (5)

For orbitals which are energetically far separated from each
other, this is often not the case: Energetically deeper lying levels
tend to have a more localized character and thus experience a
smaller shift than more spread-out orbitals.
Measurement-Induced Interactions — Polarization

Besides the permanent interactions, some interactions with the
molecular environment occur only when the molecular system
is externally perturbed. We call this perturbation
“measurement-induced interactions”: They mainly originate
from the polarization interactions between a molecule and its
environment induced during the measurement process, and are
labeled P.

When a molecule is charged as the result of a spectroscopic
process (electron acceptance or photoionization), an
electrostatic monopole field is formed around the molecular
ion, penetrating and polarizing the environment. In the case of
anion formation, electron depletion in the close surroundings
generates a positive potential at the location of the negatively
charged molecule, stabilizing the anion by P~ relative to an
anion in the gas phase. The same is true in the energy level
picture, where the extra electron is stabilized.

As polarization energies are typically stabilizing forces, it may
seem counterintuitive that P causes an upward shift of energy
levels (Fig. 4).3% %0 This is not the case from the viewpoint of the
state diagrams, since the total cation energy is also lowered by
Pt In contrast, in the single-particle level picture, the photo-
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hole is stabilized, manifesting itself as an upward shift of the
electron energy level, as the occupation of this hole by an
electron becomes energetically less favorable. From an
analogous point of view, lifting the hole beyond Eyqc requires
more energy.

From an intuitive view grounded in electrostatics, the
polarization energies are reductions of the charging energies:
The electric fields arising from the charging energies are the
cause, and the environmental polarizations are the effect,
counteracting the monopole fields. Due to this causality, the
polarization P is assumed to be generally proportional to E,
while from energy conservation considerations it follows that
|P| < |Ec|. To emphasize this connection further, we define
reduced (i.e., effective) charging energies Edes=Ed —P*
and Ecerr = Ec —P ™.

Apart from the value of the charging energies, the polarization
energies depend on the interplay between the electric field
distribution of the charged molecule and the anisotropic
dielectric properties of the environment. Thus, the charge
distribution, which can be quite different for anions and cations
of the same species, and the molecular packing within a film
play, among other factors, a crucial role. P* and P~ can,
therefore, differ quantitatively.*!

To summarize (cf. Table 2), the neutral ground state levels are
simply modified by a shift of —t, each. The quantities E¢ and P
modify only those levels which are probed in spectroscopic
transitions, involving differently charged initial and final states.
In cases where a neutral excited state is part of the
spectroscopic process, e.g., for the measured LUMOG'! level, an
additional shift Etel needs to be included.

These examples then represent the rules which must be applied
for all measured spectroscopic features: Spectroscopic features
which originate from processes that involve positively
(negatively) charged molecular states are generally shifted to
lower (higher) energies with respect to the molecular ground
state of the isolated molecule. Based on the assumptions set
out above, this is irrespective of whether the charged state
constitutes the initial or final state.

Table 2 - Energy shifts AE of different energy levels of an adsorbed molecule with respect
to the corresponding levels of the ground state of the isolated molecule in the framework
of our model. The quantities E¢ and EC are the charging energies, W denotes the
permanent environmental interactions, whereas P~ and Pt are the measurement-
induced polarization energies. The term ETE is the excited state relaxation energy.

Level | Shift AE
HOMOy(ads) —w(H)
LUMOy(ads) —w (L)

LUMO%  (ads) | (Ec —P~ ) —w(L)

HOMO¢'(ads) | —(Ed —P*) —w(H)

LUMO ! (ads) | (E¢ —P*) —w(l) — ERf

Measurement-Induced Interactions — Charge-Transfer Processes

Due to the practical importance of charge-transfer processes at
interfaces, we next consider briefly measurement-induced
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charge-transfer processes. We illustrate the salient
consequences with the example of a photoionization process.
Typically, a photoelectron interacts with the electric field of the
positively charged molecule, and it loses kinetic energy on its
way to the detector due to an increase in its potential energy.
This is the origin of the charging energy E¢. In some
circumstances the photo-hole can be quenched by an electron
from the environment, neutralizing the molecule and cancelling
the electrostatic field. If this occurs on the time-scale of
photoemission, one expects to measure an increased kinetic
energy,*? and hence a different binding energy in the energy
level diagram. This can be viewed as a reduced charging energy
Echeff due to the charge-transfer process, and in the framework
of our model this contribution is included in P and P ™. The
quantities P* and P~ are large if neutralizing charge-transfer
processes are very likely.

Renormalization of Transport Gap, Optical Gap & Exciton Binding
Energy

We summarize all these considerations in Fig. 5 and relate them
to the different gaps that are relevant for organic
optoelectronics. As shown above, when a molecule is adsorbed
on a substrate, both the transport gap Eans and the optical gap
Eope are renormalized, a fact that is also widely reported in the
literature.1l: 39, 40, 4345 Egpecially for adsorption on metal
surfaces, the transport gap narrowing may easily amount to
several eV,* mainly driven by polarization induced in the
substrate and also in adjacent molecules within the film.3% 40 |n

El STATES

addition, one expects also metal-organic wave function
hybridization,3% 47 an aspect that is not treated in our model.

In the simplified model developed in the previous section, the
metal surface constitutes a perfectly polarizable medium. Thus,
excess charges on a molecule establish an electrostatic
monopole field, which can be described by the generation of an
image charge inside the metal. The resulting attractive forces
lead to a stabilization of the excess charges and, thus, to an
upward shift of UPS features and a downward shift of the
spectral features in IPES.

Consequently, HOMOg™ and LUMOg ! approach each other,
narrowing the transport gap by the amount (Pt +P7), as
illustrated in Fig. 5 (b). This is a consequence of the partial
cancellation of the charging energies due to polarization. In the
limit of ideal polarization, the minimum transport gap
corresponds to the (LUMOy —HOMOy)-gap of the molecular
ground state, since the excess charges are completely screened
by the environment. Within the state diagram in Fig. 5 (a), the
cation and anion states are stabilized by P* and P~,
respectively, whereas uncharged molecular states are not
affected by polarization.

In the framework of our model, we neglect the effect of
environmental polarization on optically excited molecular
states. Using this approximation, the optical gap remains
constant upon adsorption. In reality, a polarizable environment
also reduces the optical gap, but the reduction is smaller by at
least one order of magnitude than for the transport gap. This is
estimated from electrostatic considerations, as detailed in
Appendix B. The underlying physical reason lies in the
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. Evac ======-mmccccccccccccean-
electronically ~= w(H)
: o one fess hole
::eallal)(()sld A A electron P+ stabilized Lﬂ1
stabilized ' 1
£ A -
Ec
[P R R
ESo)|  |#E(S1) IE(So)ads | |IE(S1)ads N | A
Lo - T A
non-geometrically ’ i
relaxed =Y 7 S —
excited state A A s ¢
L —g-8—> Plwl)g
optical optical 25 = e
gap gap 8= 2=
fuIIy—reIIaxed ["-‘“] =g 2.2
neutra : 1 £=
Bround state V| REFERENCE ENERGY | | & l 55
electronically - _v'EA(SU) one more “EA(So)as TR B S R
relaxed -w (L)W _electron stabilized *__________
anion -E}
excess electron -P, ¢
stabilized Yy

Hy' P (H)

Figure 5 - Complete scheme of (a) molecular states and (b) energy levels within the framework of our model, taking all energy contributions discussed into account. The transport
gap narrows in the adsorbed phase, as shown in (b), as a result of the induced interactions P* and P~ which reduce the charging energies. As the optical gap remains constant
within our approximations, the exciton binding energy decreases. The H%Y level is illustrated for the sake of completeness only, with reduced saturation. It typically plays a minor
role in spectroscopic experiments. Note that (a) and (b) are independent illustrations, neglecting the quantitative connection between the states view and the energy levels picture.
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difference of charged final states for measurements of the
transport gap vs. neutral excited final states that determine the
optical gap. An optically excited state is characterized by the
formation of an electron-hole pair, and the resulting oscillating
electric dipole interacts much more weakly with the charge
density of the environment.®

In order to incorporate the optical gap Eopt into the energy level
diagram, an additional single-particle energy level has to be
defined. We label this new hypothetical level LUMOJ* with an
energy

LUMOY* = HOMOg + Eop = LUMO, — ESX, (6)

where ET is again the excited state relaxation energy. Similar
to the ground state level, this level cannot be accessed directly
in @ measurement process, but its energetic location relative to
the ground state HOMO, can be determined from optical
spectroscopies. The meaning of the LUMOJ* originates from
the assumption that an excitation of an electron from the
HOMO into the LUMO is in many cases a reasonable
approximation for an (So—S1)-transition (frozen orbital
approximation).

It is important to recognize that the LUMO{* is not an excitonic
level: As the energy level diagram measures the energy of
electrons in a single-particle-picture, the LUMOJ" refers
exclusively to the energy of the excited electron. As the optically
excited state undergoes an electronic relaxation, the LUMOg *
must be located lower in energy than the LUMO, by ETf. A
transition from an excited state to the ground state, where the
electron decays back to the HOMO, can be understood as a two-
step process in the energy level diagram: The energy Efal has to
be spent in a LUMOy*—LUMOg transition, reversing the
excited state relaxation, before a subsequent LUMOy—HOMO,
transition can take place. The total energy gain is smaller than
the (LUMOy— HOMO,) energy difference.

Compared to the influence of polarization, the impact of
permanent interactions on both the transport gap and the
optical gap is negligible for a weakly interacting molecule-
substrate-system, as |w*(HOMO) —w(LUMO)]| is typically one
order of magnitude smaller than (P* + P 7). Additionally,
most energy levels experience a shift in the same direction
toward lower energies, originating from . Thus, we
approximate the (HOMOy —LUMOy)-gap to be constant upon
adsorption from the gas phase:

HOMO(ads) — LUMOy(ads) ~ HOMOg — LUMO,.  (7)

In a state diagram, each molecular state of adsorbed molecules
is affected by a large downward shift W (state) with respect to
the gas phase. For the sake of clarity, this shift is not shown in
Fig. 5. Instead, the neutral ground state is kept as the constant
reference energy, and only the shifts of the other states with
respect to this reference energy are illustrated. The extent to
which permanent interactions @ manifest themselves in the
state diagram is purely the result of excess charges present in
anionic and cationic final states, according to Eq. (4).

As a practical summary, we use our model to define expressions
that explicitly relate the transport gap and exciton binding

This journal is © The Royal Society of Chemistry 20xx
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energy to different quantities measured by the spectroscopic
methods discussed here. In the gas phase this yields:

Ewans = LUMOG'—HOMOG!

(LUMOy + E¢) — (HOMOo — E&) (8)
= (LUMOy— HOMO,) + (E¢ + E¢)

In a polarizable environment for adsorbed molecules, the
charging energies are partially compensated by the polarization
energies, and the transport gap becomes:

Erans(ads) = LUMOg Y(ads) — HOMOg ! (ads) =

(LUMO(ads) + Ecesr) — (HOMOy(ads) — Eder) )
~ (LUMOy— HOMO,) + (E¢ —PT)+ (Ec — P~

),

where the small contribution from possibly different
permanent interactions w for the two levels involved is
neglected (compare Eq. (4)).

The total renormalization of the transport gap upon adsorption
can then be expressed as

Etrans(ads) ~ Etrans - (P * + P_) ’ (10)

whereas the optical gap remains approximately constant (Eopt
(ads) = Eqpt). As an obvious result, the environmental
polarization reduces the exciton binding energy due to the
reduction of the transport gap.*®

Eg(ads) = Erans(ads) — Eopt(ads)

zEtrans_(P-F +P—)_E0pt (11)

~Eg— (Pt +P7)

Further Effects and Extensions of the Present
Model

Our model captures the major effects which determine the
energies of spectroscopic features in the weak interaction limit,
where charging energies are identified as the main reason for
apparent discrepancies between different spectroscopic
techniques. Aside from this mechanism, further aspects may
have to be considered in practice in order to interpret spectra
and compare data from different spectroscopic techniques. We
briefly touch on the most important ones below, since they
might become important when the particular measurement
process exceeds the scope of our model.

Measurement Processes Involving Other Orbitals than HOMO and
LUMO.

Although we limit our discussion to changes in the HOMO and LUMO
occupations within this Perspective, the principles of this model can
be applied to any other transition as well. If a spectroscopic process
changes the occupation of an
HOMO —m (m € 1,2..)) at energies lower than the HOMO, or
an orbital LUMO +n (n € 1,2...) higher than the LUMO, one

can still define charging energies E¢ ' and E¢', which represent

electron orbital
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the energy difference of the (HOMO—m)g!l—
(LUMO + n)g'-gap minus the optical (HOMO —m)y—
(LUMO + n){* -transition. These charging energies may differ
from E¢ and E¢ , since the latter describe the generation of a
hole in the HOMO or an electron in the LUMO, respectively.
Further, E¢”" and E¢’ may depend more sensitively on the time
scales of the spectroscopic process, since associated holes and
electrons possess additional decay channels both within the
molecule and toward the environment.

Defining a relationship between the optical gap and the
transport gap requires that in both cases the same orbitals are
involved. This is, for example, not fulfilled when the transition
between the frontier orbitals is forbidden due to selection rules.
If the lowest allowed transition is, e.g., HOMO —LUMO + 1,
charging energies can be defined as the difference between the
optical HOMO,—(LUMO + 1)§* transition with respect to
the energy difference between HOMOg ' and (LUMO + 1) *

In some cases, optical excitations exhibit a strong mixed
character, and the corresponding transitions are not sufficiently
approximated as transitions between only two molecular
orbitals, even in the single particle picture. If the lowest energy
optical transition exhibits such a mixed nature, the optical gap
and the transport gap, as well as the 2PPE LUMO¢! (cation
final state) and the IPES LUMOg ! (anion final state), will still be
different. One could also define charging energies to account
for this difference, which are then less associated with
,charging” of the single orbitals, but are more effective ones
Additionally,

approximated as a simple transition from HOMOg to LUMOg "

instead. the optical transition cannot be

, and one cannot draw initial and final energy levels. Here, one
advantage of the ,state” picture over the ,level” picture
becomes clear — ground state and excited state are still well
defined concepts.

Site Dependence: Escape Depths, Penetration Depths, and Lateral
Area of Probe. Different spectroscopic methods probe different
areas and film depths of a sample: The probe volume is
determined by the lateral and the vertical resolution. The
vertical resolution stems from the finite penetration depths of
photons or the limited escape depths of photoelectrons. This
has immediate consequences for the energy levels accessed,
and the interpretation of the spectroscopically observed
transitions. While some spectroscopic techniques mainly probe
the surface molecules with an interface to vacuum, other
methods probe much more deeply into the molecular film,
altering the influence of environmental interactions and
screening.

In optical spectroscopies, the penetration depth of the incident
light is on the order of 100 nm for organic molecular films and
much smaller for highly absorptive metal substrates. In
photoelectron spectroscopies (UPS, 2PPE) and IPES the escape
depth and the penetration depth of the photoelectrons or the
incident electron beam, respectively, strongly depend on the

12 | J. Name., 2012, 00, 1-3

kinetic energy of the electrons and further on the polar angle
used in the experiments. UPS experiments with a Hel light
source, for example, exhibit escape depths on the order of
typically 1-5 molecular monolayers for organic materials, i.e.,
0.3 to 1.5 nm.*® Photoelectron spectroscopies are thus
generally more surface sensitive than optical spectroscopic
techniques, which must be taken into account for the
comparison of the corresponding spectra. Core level
spectroscopies — not discussed in any detail in this perspective
—typically probe more deeply into the solid than UPS, 2PPE, and
IPES.

To complicate matters, the probing volume also reflects e.g.
changes in the molecular orientation or conformation as a
function of location in the film, affecting the polarization
energies, the molecular energy level alignment, or the cross-
section in spectroscopic processes.*® 5052 Further, depending
on the molecular environment, pronounced deformations were
reported for various molecules, such as rubrene, PTCDA or
F,TCNQ.53-56

Vibrational Structure. The impact of the nuclear degrees of
freedom on the spectral appearance may not be negligible, and
vibrational features may be observed that can differ between
different spectroscopic methods.*> >3 57, 58 |f the energy
resolution of the experimental apparatus prevents the
observation of the vibrational structure, a broad asymmetric
feature may be measured instead of several distinct maxima,
complicating interpretations.

Moreover, it depends on the particular spectroscopic process if
the vibrational features appear at the low- or high-energy side
of a spectral maximum. In UPS and 2PPE measurements, the
vibronic progressions typically appear at the low energy side of
the 0-0 transition, whereas the IPES process most commonly
generates a vibronic progression at the high-energy side of the
0-0 transition. The intensities of vibrational features further
depend on the Franck-Condon factors between the vibrational
levels of the initial and final electronic states. As a consequence,
no vibronic progression for unoccupied molecular levels was
observed, e.g., in recent 2PPE experiments.>® Note also that the
vibrational structures of optical spectra are further influenced
by exciton coupling and the formation of H- and J-aggregates.?”
The comparison of features originating from an unoccupied
molecular level measured with 2PPE and IPES is a particularly
interesting case, since their vibronic progressions are expected
to tail toward different sides, and their Franck-Condon Factors
may be different. The presence of vibrational features can thus
cause an apparent additional peak shift between both
techniques even when vibrational transitions are not resolved,
simply as a result of spectral broadening, leading to an
erroneous interpretation of the magnitude of the shift. Within
the approximations of our model, the LUMOg ! feature and the
LUMO" ; feature are considered to be at equal energies. This is
clearly no longer the case when vibrational progressions and
relaxation processes are taken into account. This case is related
to the comparison of optical absorption and emission spectra,
which can be included in an energy level diagram by means of
the imaginary levels LUMO§* and LUMO} ... The LUMOY.. was
not discussed previously, but it would appear at slightly lower
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energies than the LUMO{*, considering that the Stokes shift
may typically reach up to 0.1 eV.

Strong Coupling Regime. The most important restriction in our
model is the assumption of the weak interaction limit, and one
runs into several challenges when dropping this assumption.
We do not intend to extend our model to the strong interaction
limit, but highlight the difficulties briefly in the following.

A serious problem is that the initial and final states can no
longer be described with isolated molecules that host an integer
charge on a particular molecular orbital. The molecule-based
single particle picture is therefore harder to apply in such
strongly interacting systems. One could of course imagine that
electrons are found in a new set of hybrid orbitals that consist
of a mixture of wave functions from the interacting partners. In
this view, one could still define an integer charge corresponding
to the particular molecular state, but the original molecular
orbitals are no longer suitable mathematical models. It is then
by no means sufficient to label the spectroscopic features
according to the names of molecular orbitals, and the nature of
the hybrid orbital would have to be specified instead. This is
clearly challenging to do and likely less accessible intuitively in
all generality.

As a different approach one could consider the charge density
projected onto the original orbitals of the isolated molecular
ground state instead. In this view, one would end up with partial
charges, where the lower and upper indices of our labeling
scheme must be fractional numbers. The exact partial charges
can hardly be determined and only be accessed by means of
theoretical calculations, where the results may strongly differ
between the individual calculation methods. They depend
sensitively on the interaction strength and the energy level
alignment of the interaction partners, profoundly challenging
the predictive nature of our simple model.

Extension to Other Spectroscopic Techniques. The applicability
of our model is by no means restricted to the spectroscopic
techniques at the focus of this perspective. However, each
particular spectroscopic process must be considered carefully
and in detail if one attempts to extend the model to other
methods.

Scanning tunneling spectroscopies (STS) constitute an
interesting example. Here, the influence of the tip must be
considered explicitly due to the non-negligible bias-induced
electric field strength at the location of the molecule. This
perturbs the molecular orbitals and may even induce a charge
redistribution within the substrate, affecting the polarizability
of the latter. Further, the tip and the sample constitute a
capacitor whose value differs from the original capacitance of a
molecule and its environment. This alters the charging energies
significantly and must be taken into account. Apart from these
considerations, more exotic many-body effects may influence
the tunneling spectra, rendering the case of STS a rather
complicated one.

Conclusions

The interpretation of spectroscopic data of organic thin films is
a challenging task. Our Perspective provides a coherent

This journal is © The Royal Society of Chemistry 20xx
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framework which captures the inherent differences between
various spectroscopic techniques consistently, taking the initial
and final states of each measurement process into account, and
considering the main physical effects which influence the
energetic positions of spectroscopic features.

Each measurement process represents a perturbation of the
molecular quantum system. This has a significant impact on the
measured energies, complicating a comparison of experimental
results among different spectroscopic techniques. Originating
from the individual initial and final molecular states, features
assigned to one particular molecular orbital can be observed
seemingly at different energies in different spectroscopic
processes. We thus recommend the use of state diagrams
instead of energy level diagrams due to the correct treatment
of many-body effects in this view. However, we suggest a
level
diagrams to take care of this issue by incorporating the
individual initial and final states. This description from the point
of view of molecular orbitals is then linked consistently to the
full all-electron states representation.

Within our limiting assumption of weak coupling, we present a

labeling scheme for drawing single-particle energy

model for the spectral analysis which provides a consistent
interpretation of different spectroscopic methods, lifting the
apparent in the
literature. It explains the influence of various perturbative
effects on the observed spectroscopic energies arising from the
measurement processes and the environment. Taking the initial
and final states of spectroscopic processes for the standard
techniques of UPS, IPES, 2PPE and optical spectroscopy into
account, we discuss the expected differences between the
spectroscopic features obtained from these methods.

Our model assumes that the energy level alignment of
molecules in the ground state is perturbed by both the
measurement processes and the environmental interactions,
leading to shifts of the measured energy levels that originate
from four different contributions:

i) Charging energies (15'6E ), which come into play when a
molecule is ionized or accepts an extra electron. They
originate from the Coulomb interaction between the
excess charge and the other electrons present in the
molecule.

ii) Permanent adsorption energies and condensation
energies (W) in molecular films, arising from van der

inconsistencies occasionally encountered

Waals interactions or permanent electrostatic forces.
iii) Polarization energies (P * ), arising from the
environmental polarization within molecular films
and/or the substrate, induced by the electrostatic
monopole field of molecular ions.
iv) Excited state relaxations (Efal), where the molecular
electron system reacts to the altered electron
configuration, caused by optical transitions. Etal does
not include relaxations of the atomic nuclei.
Our model reveals the generally different nature of the LUMO
feature in IPES and 2PPE measurements, since the processes
involve anions and cations, respectively. The principal origin for
these differences resides in the charging energies E¢ and E¢
which cause an up- or down-shift of the measured energy levels.
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If the measurement process involves a molecular anion state,
the energy level will be measured at higher energies. If instead
it involves a cation state, the energy level will be measured at
lower energies. The exciton binding energy E is approximately
the sum of these charging energies, which thus determine the
main difference between optical gap and transport gap.
Further, the measured energies depend strongly on the
environmental polarization P, since any screening stabilizes
excess charges on the molecule and reduces the charging
energies. During film growth or other alterations of the
molecular environment, the LUMO in IPES and 2PPE could, for
example, shift in different directions. This polarization
dependence of the charging energies can narrow the transport
gap by several eV in a highly polarizable environment, while the
optical gap responds far less sensitively. The exciton binding
energy can thus vary in a similar way, depending on the
molecular environment.*®

Van der Waals forces and electrostatic interactions are further
stabilizing mechanisms. They also exist in the absence of
measurement-induced perturbations, lowering the energy of
each molecular energy level individually by an amount w/(
occ. orbital), and accumulating the total adsorption energy W (
state) of the many-body state.

We believe that our simplified model is explanatory and
establishes a missing link between the many different physical
effects that must be considered in spectroscopic experiments,
while clearing up some prevalent confusions in the community.
It assists the consistent interpretation of spectroscopic data.
Finally, the principles of the model can be extended towards
other measurement techniques and the inclusion of further
physical effects as well.

Appendix A: Gedankenexperiment - Relationship
Between Charging Energies and Exciton Binding
Energy

Fig. Al illustrates a Gedankenexperiment, which clarifies that
the exciton binding energy of a molecule is connected to the
sum of the charging energies E¢ and E¢ by a linear scaling law.
This Gedankenexperiment is inspired by the considerations of
Nayak.33 It uses two identical spatially well separated isolated
molecules (A and B) in their ground state as a starting point. Any
interactions (Coulomb interactions in particular) between both
molecules shall be negligible, preventing the formation of
charge-transfer excitons. Nevertheless, a non-zero charge-
transfer probability between A and B must be assumed, as two
different processes that put A and B in the final state of an
electronically relaxed cation and anion, respectively, are
considered. The first process is a one-photon absorption, where
an electron from the HOMO of molecule A is transferred to the
LUMO of molecule B. The second process represents a two-
photon absorption, where an electron is excited within
molecule A by the first photon, and transferred to B by the
second photon. Comparing the energy balance of both
processes reveals the relationship between the exciton binding

14 | J. Name., 2012, 00, 1-3

energy and the charging energies within the framework of our
model.

One-Photon Absorption

Molecule A absorbs a photon by transferring an electron from
its HOMO to the LUMO of molecule B. This process can be
broken down into two steps: (i) The ionization of molecule A,
undergoing a transition to a cation state. This process is
equivalent to probing the HOMOG" level in the formalism of
our model. (ii) The electron acceptance by molecule B, forming
an anion final state, which represents the process of probing the
LUMOg .

Note that the entire process can be understood as a tunneling
mechanism, where (i) and (ii) take place simultaneously, since
the electron never has enough energy to reach the vacuum
level. The total photon energy, which is required for this
process, equals the transport gap E'trans:

hv:LO_l_HOJrletrans (A1)

Two-Photon Absorption

The first photon excites an electron from the HOMO into the
LUMO of molecule A, where it forms an exciton with the
remaining hole in the HOMO, leaving molecule A in the
electronically excited state. This represents the process of
probing the LUMOJ* within the framework of our model, and
the energy of the first photon must equal the optical gap Eopt:

hv1=L8* —H0=Eopt (AZ)

The second photon transfers the electron from the LUMO of
molecule A into the LUMO of molecule B, thereby separating
the Frenkel exciton. As we neglect any interactions between
molecule A and B, no charge transfer exciton is formed. This
absorption of the second photon can be separated into two sub-
processes: (i) The ionization of molecule A, which induces the
transition of molecule A from the S1 excited state into the
cation state. This equals the procedure of probing the LUMOgL.
(ii) The electron acceptance by molecule B is equivalent to the
one-photon absorption process and represents the process of
probing the LUMOg ™.

The energy of the second photon must, thus, equal the energy
difference between LUMOG"! and LUMOG ™

hvy =L —Ll=Ed + Ec + ESX (A3)

Energy Balance and Exciton Binding Energy

As shown in Fig. Al, the one-photon process and the two-
photon process both induce transitions between exactly the
same initial and final states of the two-molecule system.
Consequently, the total energy expenditure must be identical:

hv = hvy + hv, (A4)
Using (A1), (A2) and (A3), this equation transforms to
Etrans = Eopt + EC+ +Ec + gé(lc (A5)

which can be used to find an expression for the exciton binding
energy Ep within the framework of our model, according to its
common definition:

This journal is © The Royal Society of Chemistry 20xx
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EB=Etrans_Eopt=EC+ +Ec +E$glc (A6)

As the charging energies are typically one order of magnitude
larger than the excited state relaxation energy, the exciton
binding energy can be approximated roughly as the sum of the
two charging energies.

Eg=~Ed +EC (A7)

This Gedankenexperiment is implicitly included in Fig. 3,
containing the following two equivalent points of view explored
in Appendix A: Transferring the electron from the excited
molecule A to molecule B through the absorption of a second
photon requires on the one hand the separation of the exciton,
and on the other hand charging molecules A and B positively
and negatively, respectively. This is expressed in Eq. (A7).

As the sum of charging energies (A7) are within the framework
of our model an equivalent to the on-site Coulomb energy U in
the Hubbard model, the Hubbard U is generally expected to be
quantitatively very close to the exciton binding energy of a
molecule.

INITIAL

o STATE

ground

1-PHOTON VABSORPTION
W

R P T
0 =
} Ec

-E: transport ;

ground

gap

cation anion
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Appendix B: Influence of Polarization on Optical
Gap and Transport Gap

When molecules are located within a polarizable environment,
e.g., surrounded by other molecules or in close distance to a
substrate surface, their transport gaps E'wrans are reduced by the
polarization energies (Pt + P ) 51,6061

Eyans(ads) = Lo_l(ads) - Hd'—l(ads)

=IEy—EAg—(P* +P7) | (B1)

where (ads) refers to an adsorbed molecular film, whereas IEq
and EAg are the ionization energy and electron affinity,
respectively, of the same molecules in the gas phase. The
polarization energies are a consequence of the (inverse)
photoemission processes in a dielectric environment, creating
molecular cations (anions) which polarize the environment
mainly due to their electrostatic monopole field.

In contrast, a molecule in an optically excited state is in its

entirety still electrically neutral, representing an oscillating

2-PHOTON ABSORPTION
~
1* PHOTON
Toptical gap
k h 4 ’
( )
2" PHOTON
f- { T th =
L ;—O?—;---]‘EHEHEE;‘," Egc
‘EL |
cae Cacs
el \_.._,_._/j

exXC .

optical gap +E¢ + E¢ + EVf = transport gap
transport gap - optical gap = Eg

EB=EC+ EC+ Erel

Figure Al - Gedankenexperiment illustrating the relationship between the exciton binding energy EB, the charging energies E¢ and E¢ | and the excited state relaxation energy

ET. Two non-interacting identical molecules, labeled “A” and “B”, undergo a transition from the two-molecule state (A,B) =

(ground, ground) to the state (A,B) = (cation, anion),

induced by two different photon absorption processes. In the one-photon absorption process, the photoelectron tunnels directly from the HOMO of molecule A to the LUMO of

molecule B, whereas in the two-photon absorption process, molecule A is excited by the first photon before the charge transfer process is induced by the absorption of a second

photon. The photon energies hV, hv1 and th, required for these processes, are expressed in the framework of our model. The electrons, drawn with reduced saturation, are just

for clarification of the electron configuration, and, as energy conservation reveals, cannot be drawn at these energies in a quantitative energy level diagram.

This journal is © The Royal Society of Chemistry 20xx
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electric dipole. This dipole polarizes the molecular environment
as well, but we neglect this effect on the optical gap in our
model. In order to justify this approximation, we present a very
simple semi-quantitative estimation how the optical gap and
the transport gap are affected by polarization.

For this purpose, we consider a molecular anion or cation
(monopole) located within a dielectric medium 1 with relative
permittivity €1 near the interface of a dielectric medium 2 with
permittivity €2, and compare it to an optically excited molecule
(dipole) at the same position. As illustrated in Fig. B1, the
charged molecule is roughly approximated as a point charge of
Q = -e in vacuum, whereas the excited molecule is
approximated as a point dipole Hin our case parallel to the
surface. Both Q and [ are located at a distance d to the interface
of medium 2. The point charge induces an interface charge
within medium 2, and the corresponding electric field at the
location of the original charge can be calculated by means of the
method of image charges. The charge density within medium 2
is then replaced by an imaginary point charge (image charge)

E2—¢&1

Q= (B2)

- &2 + &1
at the location —d with respect to the interface, and medium 1
is assumed to be extended infinitely beyond the interface,
replacing medium 2. The same method can be applied for the
dipole case, where an image dipole

_ &(wo) —&i(wo)
T T e(wo) + (o)

-7

(B3)

in vacuum at the location —d can be assumed as a substitution
for the real charge distribution within medium 2. However, due
to the oscillation of the dipole density with the excitation
frequency wo of the absorbed electromagnetic wave, the
frequency-dependent complex dielectric functions of the
dielectric media should be taken into account. The monopole-
monopole interaction energies Emm between point charge and
image charge and the dipole-dipole interaction energies Epp
between point dipole and image dipole are calculated according
to classical electrostatics as

1 Q%e—é&

EMM=_m32+€1 (84
E1 MONOPOLE molecular charge Q
&1 &1 —
d 2d
€2 £ ofa
image charge Q'

= 1 u? R e2(wo) — 81(000))
pp= 4meoRe(e1(wo)) (2d)3 e(fz(wo) + &1(wo)
(B5)

where € is the elementary charge, €o is the vacuum permittivity
and U is the transition dipole moment of the molecular
electronic transition.

Modeling a single isolated molecule adsorbed on a substrate,
medium 1 is assumed to be vacuum (€1 = 1). Using parameters
of the well-characterized molecule-substrate system perylene-
3,4,9,10-tetracarboxylic dianhydride (PTCDA) on Ag(111), one
can estimate the relevant interaction energies. An adsorption
height of around 3 A was reported for PTCDA in contact to the
Ag(111) surface, and this value is used as an approximation for d
.52 As also done by Forker et al.?® the complex dielectric
function of silver reported by Babar et al.  for the frequency wo
of the main absorption line of PTCDA (4 =536 nm, Awyp
= 2.313 eV) is used, giving

R 2(wo) — 1 1.183
el———|=1. .
82(0)0) + 1 (BG)
In the static limit, €2 is assumed to be infinity, leading to
1 e?
E =———. B7
MM 41en2d (B7)

We will compare the corresponding interaction energies with
those of a PTCDA molecule within the second layer, where
d=~6A6 The literature values for the transition dipole
moment of the So—S1 transition of PTCDA vary between (6.45
+0.70) D and (7.4 = 0.7) D.%5%7 In the following, we will use an
approximate value of 7.0 D for our calculations.

The results are summarized in Table B1. Eww is larger than Epp
by a factor of 14 for a molecule adsorbed on the substrate
surface. Even more strikingly, the difference is almost two
orders of magnitude when the distance is doubled. This
estimation indicates that the reduction of the measured
transport gap of an organic molecule adsorbed on a metal is
typically by at least one order of magnitude larger than the
reduction of the optical gap. This difference is mainly attributed
to the much stronger distance-dependence of dipole-dipole
energies than monopole-monopole interaction energies.

A similar behavior is expected for a molecule embedded in a
molecular crystal. The surrounding molecules can be

approximated as a strongly anisotropic effective medium with

[A DIPOLE

transition dipole p
6+

g1{w)

£1(w)
(6%): (67

image dipole u*

Figure B1 - A charged (a) (optically excited (b)) molecule, adsorbed on a polarizable substrate, is roughly approximated as a point-charge (dipole) within medium 1 with permittivity

€1 at a distance d from the interface to another dielectric medium 2 with permittivity €2. Inside medium 2 a polarization charge density is generated, creating an electric field at the

position of the initial charge (dipole). This field can be calculated by means of the method of image charges as illustrated in the right parts of (a) and (b) and briefly explained in the

main text.
40 | J. IVUINIE., LULlZ, UV, 1-O

LIS JUUITTIAL 1> & T 11E RUYdI JULIELY Ul LIHIEITHSLIY ZUXKK

Page 16 of 18



Page 17 of 18

more complicated dielectric properties. Nevertheless, an anion
or cation exhibits a monopole field which is much stronger than
the oscillating dipole field of an excited molecule. The
environmental polarization induced by a charged molecule is
thus expected to be always significantly stronger than the
polarization induced by a molecular exciton, explaining the
higher sensitivity of the transport gap to the dielectric
environment of a molecule when compared to the optical gap.

Table B1 Monopole-monopole (dipole-dipole) interaction energies Ewm (EDD) between
a point charge (oscillating point dipole with hwo = 2.313 eV) in vacuum and a mirror
charge (mirror dipole) in an ideally polarizable medium, separated by a distance 2d. The
dipole orientations are parallel to the surface.

d Ewm Epp
3A | -24ev | -0.17eV
6A | -1.2ev | -0.02ev
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