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Abstract

In the context of this thesis, photochromic molecules of the groups spiropy-
ranes (SPs), spirooxazines (SOs), and diarylethenes (DAEs) on solid surfaces were
investigated. These molecular switches were prepared in situ in ultrahigh-vacuum
by evaporation onto Au(111), Bi(111), and highly oriented pyrolytic graphite (HOPG)
substrates. All coverages were below a saturated monolayer to measure molecules
in direct contact with a surface. This preparation leads to a detailed picture of the
molecule-surface interaction and an understanding of the surface-induced changes
to non-decoupled molecules. Using x-ray absorption (XA) spectroscopy, x-ray pho-
toelectron spectroscopy (XPS), and density functional theory (DFT), detailed pic-
tures of the electronic configurations and geometric orientations of the systems
are acquired.
First, a thiazol-diarylethene (T-DAE) switch was chosen for investigations on
these surfaces. Switching from its open form to the closed form was achieved,
but without the possibility for a reversible back-reaction. The stabilized switch on
the surface was characterized. To find a fully reversible switch, previous measure-
ments of SPs on surfaces were altered and the commonly used nitro-spiropyran
was exchanged with spironaphthopyran (SNP). This modification led on the Bi(111)
surface to a fully reversibly switchable system. The photoconversion to mero-
cyanine (MC) took place using a UV LED at temperatures around 200K. The re-
sulting MC was thermally unstable so that by increasing the temperature above
250 K, back-switching to SNP could be invoked. Using this reversibility, time- and
temperature-dependent measurements of the kinetics were performed and re-
sulted in the discovery of an intermediate state. A model was found to explain
and fit the behavior of the switching kinetic, which allows for determination of
the energy barriers.
To gather a more detailed picture of the interaction between molecular switch
and surface, the method of differential reflectance spectroscopy (DRS) was modi-
fied and built in a new setup to work with in-situ-prepared molecule-surface sys-
tems at various temperatures. This method enabled detection of the molecule-
surface absorption bands in the UV and visible light range and allowed for a
simple and straightforward alternative to measure switching kinetics of adsorbed
switches in a lab. The high performance and various possibilities of this experi-
ment were demonstrated by the characterization of the stability, noise level, and
measurement modes.
Using DRS, the functionality of the spironaphthooxazine (SNO) photoswitch on
Bi(111) was demonstrated. The energy barrier of this photoswitch’s MC isomer
was determined by DRS to be similar to the one in solution. With the support of
DRS, XA, and DFT, SNO has been measured on Au(111), indicating the remarkable
possibility of bi-directional photochromism. Using only UV and red-light illumina-
tion, a full control over the sample isomerization is achieved. Furthermore, the
UV-induced switching is highly efficient, two orders of magnitude more than pre-
viously demonstrated.
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Kurzfassung

Im Rahmen dieser Arbeit wurden photochrome Moleküle der Gruppen Spiropyran
(SP), Spirooxazin (SO) und Diarylethen (DAE) auf Festkörperoberflächen untersucht. Die
molekularen Schalter wurden in situ im Ultrahochvakuum durch Verdampfung auf den
Substraten Au(111), Bi(111) und hochorientiertem pyrolytischen Graphit (HOPG) präpari-
ert. Es wurden Bedeckungen unterhalb einer vollständigen, kompletten Moleküllage
gemessen. Dadurch wurde ein detailliertes Wissen über die Molekül-OberflächenWech-
selwirkung sowie ein Verständnis über die oberflächeninduzierten Veränderungen
von nicht-entkoppelten Adsorbaten erlangt. Mit Hilfe von Röntgenabsorptionsspek-
troskopie (XA spectrosopy), Röntgenphotoelektronenspektroskopie (XPS) und Dichte-
funktionaltheorie (DFT) wird ein zusammenhängendes Bild der elektronischen Konfig-
urationen und geometrischen Orientierungen der Moleküle gewonnen.
Im ersten Teil der Arbeit wurde ein Thiazol-Diarylethen (T-DAE) auf den genannten

Oberflächen untersucht. Das Schalten von der offenen Form zum geschlossenen Isomer
wurde erzielt, allerdings wurde keine Möglichkeit für das Zurückschalten gefunden.
Um ein vollständig reversibles Schaltermolekül auf der Oberfläche zu finden, wurden
Messungen mit Spiropyran durchgeführt. In der Literatur sind bereits erste Erfolge
mit Nitro-Spiropyran erzielt worden. Zum Verbessern der Eigenschaften wurde dieses
Molekül durch Spironaphthopyran (SNP) ersetzt. Dies führt zu einem vollständigen
schaltenden System auf der Bi(111)-Oberfläche. Mittels einer UV-LED wird bei einer
Temperatur von 200 K das SNO zu Merocyanin (MC) geschaltet. Das MC ist thermisch
instabil, sodass durch eine Temperaturerhöhung auf über 250 K das Molekül zu SNP
zurück geschaltet werden kann. Durch die Reversibilität wird die Bestimmung der
involvierten Energiebarrieren ermöglicht. Zeit- und temperaturabhängige Messserien
zeigen die Anwesenheit eines Zwischenzustandes. Ein Modell wird diskutiert, welches
die Kinetik des Schaltverhaltens beschreibt und damit eine Bestimmung der Barrieren
ermöglicht.
Um ein vollständigeres Bild der Wechselwirkung zwischen molekularen Schal-

tern und Oberfläche zu erhalten, wurde die Methode der differentiellen Reflex-
ionsspektroskopie (DRS) modifiziert und ein neues Experiment zur Messung von
DRS an in-situ präparierten Adsorbat/Substrat-Systemen bei variabler Temperatur er-
möglicht. Dieses Experiment eignet sich zur Bestimmung der Absorptionsbanden des
Molekül/Festkörper-Systems und erlaubt die Messungen der Schaltkinetik in einem ver-
gleichsweise einfachen Laboraufbau. Die hohe Qualität der Messungen und die weit-
reichenden Möglichkeiten des Aufbaus werden demonstriert.
Mit DRS kann erfolgreiches Schalten des Moleküls Spironaphthooxazin (SNO) auf

Bi(111) gezeigt werden. Die Energiebarrieren des Schaltens auf der Oberfläche sind ähn-
lich hoch wie bei Messungen in Lösungen. Mit Hilfe von DRS, XA und DFT wird gezeigt,
dass SNO auf Au(111) einen vollständig lichtinduzierten Photochromismus aufweist.
Eine Kontrolle über die Isomerisierung der Probe wird mit UV und rotem Licht er-
reicht. Dabei ist das UV-induzierte Schalten um zwei Größenordnungen effizienter als
bei zuvor gemessenen Photoschaltern.
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CHAPTER 1
Introduction

Towards the control of photochromic molecules on solid surfaces

Manipulation of material properties on the nanoscale is key to the re-
search and development of novel materials [1]. As early as 1959, future No-
bel prize laureate Richard Feynman noted in a lecture called “There’s Plenty
of Room at the Bottom” the incredible number of possibilities for future de-
vices to be still discovered down to the atomic scale [2]. Since then, a great
many research fields have focused on minimization. Many of Feynman’s
predicted technologies have already been realized, so that computing de-
vices have been shrunk down very close to their physical limits; IBM, for
example, has already achieved the fabrication of 5-nm-sized gates [3].
Recently, in 2016, the Nobel prize in chemistry was awarded to Jean-Pierre
Sauvage, Sir James Fraser Stoddard, and Bernard Lucas Feringa for the design
and synthesis of molecular machines [4]. The findings of these scientists
represent a substantial leap forward in the realization of molecular motors,
which can be utilized to spin a glass cylinder on top of a liquid crystal [5]
or move a molecule, called a nanocar, on a copper surface [6].
To reach application-ready systems, different techniques have been ex-
plored. The classic computer processors in widespread use nowadays are
manufactured in a top-down approach, by writing onto a chip using litho-
graphy. These lithography methods have improved over time but have also
hit a limit, where production becomes incredibly expensive. In the so-called
bottom-up approach for creating machines on the nanoscale, the smallest
possible building blocks are produced by the functionalization of atoms or
molecules [7, 8]. This promising technique has proven itself to be highly
diverse but still exceedingly challenging. Despite the complexity of the
bottom-up approach, this method in contrast with the top-down method
is more versatile and allows for complex molecular logic devices. Further-
more, the production costs, which increase drastically for research and pro-
duction of classical semiconductor devices, can potentially be minimized.
Requirements of the building blocks include external control and handling
on the nanoscale. Both of these requirements can be delivered by molecular
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1 Introduction

switches. Upon external stimuli, these molecules can be switched to an-
other species. Therefore, those systems that allow for noninvasive and re-
mote spatial and temporal control are of significant interest. Such stimuli
can be provided by reaction to light, which is already utilized for triggering
the release of drug delivery systems [9] and is present naturally for human
vision [10, 11]. An important class of switches are photochromic molecules
with the ability to switch by exposure to light between two different iso-
mers. Many groups of photochromic molecules can be converted from an
uncolored species to a colored form by ultraviolet (UV) light and back again
using visible light. Through their intrinsic properties, these molecules can
be directly used as building blocks. Not only does the absorption spec-
trum change upon switching, but additional chemical modifications also
take place. Therefore, plenty of applications already include photochromic
molecules. Besides utilization of the different optical absorption spectra
in self-coloring sunglasses [12], more advanced functions have also been
suggested. For example, data storage and logic circuits could be further
improved [13, 14], since possible applications of optically accessible transis-
tors [15], molecular memories [16] or logic modules [17] have recently been
demonstrated.
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Figure 1.1: Isomers of four different groups of photochromic molecules and their
photochromic reaction through light exposure or temperature increase. Illus-
trated are (a) azobenzene, (b) spiropyran, (c) diarylethene, and (d) fulgimide.

In the 20th century, many groups of photochromic molecules were found
or invented. Nowadays, the majority of research in different fields is
performed using the groups of (a) azobenzenes, (b) spiropyranes, (c) di-
arylethenes, and (d) fulgimides; a selection of such groups is presented
in figure 1.1. Upon isomerization, these groups offer a broad range of
change of chemical properties. Not only can their conformation switch-
ing be controlled [18], but also properties such as electric dipole moment
[19], coordination properties [20], and conductance [21, 22]. These groups
have distinct properties which led to famous applications such as optical
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Introduction 1

storage [23, 24] and light-powered motors [25] by azobenzene or force sen-
sors [26] and photocontraction [27] by spiropyran. Diarylethene has also
demonstrated a high potential to work as a switch for electron transport
in single-molecule junctions [17, 28–30], or even in complex devices such as
molecular transistors with distinct levels [16]. Furthermore, combinations
of photochromic molecules were used to realize molecular logic gates by
a fulgimide-porphyrin-diarylethene triad [31].
As part of the building blocks for the bottom-up approach to produce
innovative molecular logic modules, molecules must be immobilized on
a surface. Once the molecules are localized, either tuning the surface
properties or using the intrinsic changes upon switching can be ex-
ploited. One approach to coat photochromic molecules onto surfaces is
the self-assembled monolayers (SAMs), where linker groups on the organic
molecule build a contact to the surface. Numerous important achieve-
ments have been realized using SAMs containing the above-mentioned
groups of molecules on different surfaces [29, 32–38]. SAMs allow for a
simple ex-situ preparation, but lead to a more complex chemical system
and have drawbacks when targeting molecular electronics. Such molecular
electronics might be realized by molecules in direct contact with metal
surfaces, where the switching ability must persist. Direct contact with
surfaces allows addressability by localized excitation, e.g., by a scanning
tunneling microscope (STM) or by break junctions. For these experiments,
several surfaces are suitable in principle, but have demonstrated drastically
different properties in combination with adsorbed molecules. Great effort
in theoretical and experimental physics has been made to understand or
predict changes of chemical properties upon adsorption, but so far, no
reliable method has been found. Therefore, the fully light-induced switch-
ing in direct contact with surfaces has not been achieved. In contrast,
in a nanometer-thick spiropyran (SP) layer on MgO(100), switching has
been reported [39]. For SP directly on the Bi(110) surface, a photostationary
state upon illumination with blue light was demonstrated and attributed
to bi-directional switching [40]. Most interestingly, it has been observed
that for a SP derivate containing a nitro group in contact with a Au(111)
surface the thermal stability is reversed [41]. For the group of azobenzenes,
previous achievements include a deeper understanding of the adsorption
energies and influences by surfaces [42–46], but did not lead to a reliable
photo-control of the isomerization [45, 47–52].

Investigation of the targeted systems was mainly carried out by means
of well-known surface science methods. Using these methods, recording
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1 Introduction

of small signals due to small coverages was possible and enabled progress
in this field. Frequently, electron or x-ray-based methods such as low en-
ergy electron diffraction (LEED), x-ray absorption (XA) spectroscopy, or x-ray
photoelectron spectroscopy (XPS) were used, but a particular issue with
these methods is the damage caused by x rays or electrons. Beside exciting
photoconversions, as seen with azobenzene on Bi(111) [53], triggering spin-
crossover transitions [54] has also been observed. Molecules are also often
destroyed by electron bombardment or x-ray influence, as seen in many
studies, and therefore special attention was paid when investigating these
systems [FN 4, 55]. Nevertheless, XA spectroscopy and XPS are powerful tools
for investigating photochromic molecules on surfaces [41, 44, 56]. Isomers
can be determined and characterized in a high quality and in contrast to
other local methods, providing an average over the measurement spot size,
which can be increased up to several square millimeters. These non-local
observations lead to the possibility of observing the kinetics of a switching
process and are therefore used for investigations presented in this work. XA
spectroscopy can also be assisted by simulations using density functional
theory (DFT), which helps in particular to identify isomers on the surface.
The first working examples of one-directional photochromism on surfaces
were rather inefficient, with cross-sections orders of magnitude below their
potential efficiency determined by experiments in solution. Two important
targets can be identified to advance progress in this field:
(1) tailoring a system to switch bi-directionally at the same temperature
by light-illumination as the only trigger.
(2) improving the effective cross-sections to allow for a deeper investiga-
tion of the system, and later on, to lead to an application, e.g., in material
science.

Finding a system which delivers such properties is complicated. Choos-
ing from the most common groups of photochromic molecules, illustrated
in figure 1.1, and identifying their changes on a surface is a good starting
point. Diarylethene (DAE) is a robust switch in which ring-opening and
ring-closing possesses a high fatigue resistance and can only be converted
between each other by light. The switching also leads to two clear dis-
tinguishable states, so that for a nitrogen modified DAE derivate (T-DAE,
1,2-bis(5-methyl-2-phenylthiazol-4-yl)cyclopent-1-ene), studies on different
surfaces were performed in the context of this thesis [FN 1] (reprinted on
page 43). Since no reversible switching was achieved for DAEs, further
investigations were performed on SPs, which demonstrated a promis-
ing photostationary state upon blue laser illumination on the Bi(110)
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Introduction 1

surface [40]. Using spironaphthopyran (SNP, 1,3,3-trimethylindolino-β-
naphthopyrylospiran) on a Bi(111) surface, a fully reversible switching was
achieved, including determination of energy barriers, by performing tem-
perature and time-dependent XA measurements [FN 2] (reprinted on page
65). To achieve a fully reversible light-induced switching, the SNP was
modified to a spirooxazine derivate, more specifically spironaphthooxazine
(SNO, 1,3,3-trimethylindolino-naphthospirooxazine). On a Au(111) surface,
where previously a SP derivate revealed a thermally reversed behavior [41],
a fully light-induced control of the sample isomerization was achieved [FN
4] (reprinted on page 99).

To improve studies on these potential photoswitch/surface candidates,
avoiding the x-ray influence and simplification of the experimental setup
are key challenges. With an experiment performed in a lab, the knowledge
gathered by time-consuming and complex experiments using synchrotron
radiation, such as XPS and XA spectroscopy, can be complementarily ex-
tended. One solution is the application of differential reflectance spec-
troscopy (DRS) for adsorbed photochromic switches. This method has al-
ready led to profound results in the field of alloys [57] or semiconductors
treated by adsorbates [58] and is well known and described. For organic
semiconductors, many properties were obtained and assisted research to
tailor opto-electronics [59–63]. Contrary to the x-ray-based methods, visible
and ultraviolet light is used for the spectroscopy. The absorption cross-
section is very low; consequently, dealing with small signals rendered use
of this method uncommon for surface science investigations until recent
years when the quality of measurement equipment improved. Understand-
ing of the interaction between molecules in direct contact or thicker lay-
ers on a surface can be obtained. These interactions include growth [60],
charge transfer [62], or decoupling properties [63]. For SAMs, DRS mea-
surements already led to promising results for systems measured at am-
bient conditions [35, 64, 65]. However, DRS of photochromic systems un-
der ultrahigh-vacuum (UHV) conditions has not yet been performed. This
method could create a valuable extension of common measurement meth-
ods for photochromic molecules, due to these molecules’ strong change of
optical properties upon isomerization.
Designing and building such a DRS system is part of this work. Two
main properties for the application to photochromic molecules in very low
coverages on solid surfaces were identified: 1) the temperature must be
variable to study energy barriers and relaxation behavior at different tem-
peratures and a monochromatic setup could potentially increase the usage
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1 Introduction

with highly efficient switching molecules; and 2) the influence of the mea-
surement light must be kept at a minimum. Setup and results for the
newly-built experiment are published in Ref. [FN 3] (reprinted on page 87)
and parts of the theoretical background described in chapter 2 of this thesis.
Beside the brief presentation of the published results in chapter 4 and
their reproduction (chapter 6), experimental details are also described in
chapter 3 and a conclusive summary is provided in chapter 5.
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CHAPTER 2
Spectroscopy of Adsorbed

Molecules
Investigation of adsorbed molecules in submonolayers on surfaces re-
quires advanced measurement techniques and environments. Due to low
coverages, the effective signal of the molecules, compared to the back-
ground of the solid substrate, is very small. Surface-sensitive methods are
necessary to identify changes of the geometry or the electronic properties
of the organic switch. To begin this thesis, all used experimental and the-
oretical techniques are briefly described in this chapter. Complementary
to this theoretical introduction, the experimental details are described in
chapter 3.

2.1 Core-Level Spectroscopies

The following section presents the fundamental concepts and descriptions
of the applied x-ray-related methods of XA spectroscopy by 1s electrons,
XPS, and DFT. DFT is explained with a special focus on the simulation of XA
spectra.
These methods have been frequently applied to molecules on surfaces
and have also been demonstrated to provide a high reliability and compre-
hensive amount of information. These methods utilize excitations of the
core levels of a sample, which offers the valuable information about occu-
pied and unoccupied electronic states. The angle dependence of XA even
leads to conclusions on the geometry with respect to the surface. With
the help of DFT simulations, a better understanding of the results can be
gained.

2.1.1 X-ray Absorption Spectroscopy

XA spectroscopy, often also referred to as near-edge x-ray absorption fine-
structure (NEXAFS), deals with the absorption of an x-ray photon with the

7



2 Spectroscopy of Adsorbed Molecules

energy Eph = ~ω by a core level electron, leading to excitation to an un-
occupied state. In the context of organic molecules, 1s electrons are often
measured using this technique and denoted as K-edges. Photon energies
for these processes are typically in the soft x-ray regime below 2 keV and
therefore, photoelectric absorption is the dominant type of interaction be-
tween x-rays and matter. A more detailed explanation of XA is offered by J.
Stöhr [66].
To describe the absorption of a photon by matter, a quantum mechanical
notation provided by the perturbation theory can be applied [66]. The prob-
ability λi→f for a transition from an initial eigenstate |i〉 to the final state
〈f | with a density ρ at the final state energy in a unit of time is described
by Fermi’s Golden Rule as:

λi→f =
2π

~
ρ| 〈f |H ′ |i〉 |2 . (2.1)

The incoming x-rays lead to the time-dependent harmonic perturbation H ′.
As mentioned above, initial states |i〉 are core electron states, often of the
1s shell. The final states 〈f | can be either bound or continuum states. The
perturbation H ′ originates from the perturbation on an electron in a plane
electromagnetic wave, with the vector potential A. The Coulomb gauge1 is
applied and terms of higher order are neglected:

H ′ =
−e
2mc

A · p . (2.2)

This vector potential can be expressed as:

A(r, t) = eA0e
i(k·r−ωt) , (2.3)

where k is the wave vector and e a unit vector of the polarization.
At this point, an assumption already simplifies the physical problem. In
the so-called electric dipole approximation, the wavelength of the x-rays
is assumed to be much larger than the size of an atom2. Expanding the
vector potential for kr � 1 leads to only a time dependency remaining as
A(t) = eA0e−iωt and therefore to a transition probability of

λi→f =
π

~
e2

2m2c2
A2

0ρ| 〈f | e · p |i〉 |2 . (2.4)

1By using the Coulomb gauge, the divergence of the vector field vanishes: ∇·A(r, t) = 0 .
2For example, for nitrogen (K-shell energies around 400 eV) the excitation wavelength is
around 3.9Å, whereas the core diameter as estimated by the Bohr radius is approxi-
mately 0.15 Å.
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Core-Level Spectroscopies 2.1

A more physical meaningful expression can be derived, taking the photon
flux Fph into account, replacing the linear momentum operator, and deriv-
ing the x-ray absorption cross-section as σx-ray = λi→f/Fph [66]:

σx-ray =
4πe2

m2cω
ρ| 〈f | e · p |i〉 |2 = 4πe2

~c
ρ · ~ω| 〈f | e · r |i〉 |2 . (2.5)

When the photon energy ~ω is close to the energy of a core level, excita-
tions to unoccupied states are possible and described by the cross-section in
equation (2.5). These strong absorptions close to an absorption edge can be
utilized in an element-selective analysis of adsorbate properties. Figure 2.1
sketches the basic principle of XA spectroscopy on an abstract two-atomic
molecule. A photon gets absorbed, e.g., by atom X, of which a core electron
is excited to an unoccupied, bound molecular state. The photon energy
must match the difference E = ~ω = Ef − Ei between a final and the ini-
tial state. This absorption can in principle be monitored by detecting the
transmitted photons behind a sample consisting of a thin foil, but typically
a measurement of secondary electrons is simpler. In this work, the total
electron yield (TEY) as explained in more detail for the experimental details
in section 3.1.3 is used.

X Y
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hω
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Figure 2.1: Illustration of the principle of x-ray absorption (XA) spectroscopy
for the case of a diatomic molecule. A photon (energy ~ω) gets absorbed by
a core level electron (e.g. 1s shell). In the case of matching photon energy,
the electron gets excited to an unoccupied molecule orbital, leading to an
absorption signal, as illustrated in the spectrum on the right.

The resulting spectrum as illustrated in figure 2.1 can be described by dif-
ferent cases for the photon excitation energies. First, for Eph � EB , with
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2 Spectroscopy of Adsorbed Molecules

EB being the binding energy to excite the corresponding core electron to
the vacuum, no photons are absorbed by the element X. For Eph < EB , the
electron is excited from a core hole (the 1s in the sketch) to an unoccupied
molecular orbital (the lowest unoccupied molecular orbital (LUMO) in the
sketch). These resonances are typically of π∗-nature and have a small natu-
ral linewidth around 0.1 eV for light elements such as nitrogen and oxygen
[66, 67]. The experimental conditions such as resolution of the x-ray light
cause additional broadening of the resonance.
Photon energies above the ionization potential (IP) of core electrons lead
to the broad, so-called σ∗ resonances. These excitations to virtual orbitals
with very short life-times lead to a broad absorption signal. Close to the IP, a
step-like absorption can be identified, but is experimentally not always fully
visible. Importantly, whenmeasuring for photon energies further above the
σ∗ resonances, only the absorption edge by ionization of core electrons is
present. This value is proportional to the number of absorbing atoms and
can therefore be used to determine amounts of atoms of specific elements
on the surface when using a proper normalization and calibration.
The XA spectrum of a molecule can become quite complex, especially
for larger molecules with a high density of unoccupied orbitals, to which
can be excited to. A disentanglement by pure experimental observations is
difficult, but may be carried out for identification of chemical groups with
a very specific, known XA. This disentanglement has been performed in
Ref. [68], where the absence of a phenanthroline group on a Au(111) surface
was identified by independent investigation of the molecule moieties. For
a more detailed understanding of molecule XA, theoretical methods are
necessary, of which the most-applied one is DFT. Using DFT, in addition to
the calculation of the electronic structure, a simulation of the XA spectrum
is possible and explained in more detail in section 2.1.3.
XA spectroscopy is not only sensitive to the electronic configuration, but
also to the orientation of molecular orbitals and polarization of light. As
described by equation (2.5), the initial and final state both determine the
absorption cross-section. The intensity I of a transition is hereby propor-
tional to:

I ∝ |e · 〈f | r |i〉 |2 . (2.6)

The incoming light is described by the polarization vector e, and the ini-
tial state of interest is a 1s state. We consider the x rays to be purely
linear and therefore exciting the electron by the electronic dipole selec-
tion rule ∆l = ±1 to a p-orbital only. The initial s-orbital has an isotropic
charge distribution and, therefore, does not need to be taken into account
for the angle dependence. For the description of the final state orbital, a
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differentiation between vector- and plane-type orbitals must be performed
[69]. For example, for a double bond, there exist two vector-type orbital
directions O; one σ∗ binding in direction of the molecule axis and, second,
a π∗-orbital with direction orthogonal to the binding direction. For an aro-
matic ring, a σ∗ plane-type orbital lies in-plane and a π∗ vector-type orbital
is directed out of the molecule plane, which is visualized in figure 2.2(b).
The relevant orientations to the XA are described by the angle α between
the molecule orbital direction O and the surface normal and the angle of
the polarization vector e to the surface normal3.

ϴ
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(a) (b) (c)
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Figure 2.2: Schematic drawings for the determination of the angular orientation
of orbitals. (a) The defined angles: Θ between the wave vector and surface, α
between the orbital O and the surface normal. (b) A benzene molecule on a
surface with a representation of its p-orbitals. In red, the incoming x-ray wave
in p-polarization in grazing incidence and in black, x-rays in normal incidence.
The orbital’s direction for the π∗-system is of vector type out-of-plane (Oπ∗)
and for the σ-orbitals (not sketched) a plane-type orbital Oσ∗ . (c) Different XA
spectra for grazing p-polarized light (red) and normal incidence (black) in the
case of benzene.

Figure 2.2(a) illustrates a scenario with an angle of incidence Θ between
the x-ray direction and the surface plane and a molecular orientation O
with an angle α to the surface normal. The orientation and unit vector of
polarization can be expressed using spherical coordinates (and including
azimuth angles ϕ1,2) as:

e =

cosϕ1 sinΘ
sinϕ1 sinΘ
cosΘ

 , O =

cosϕ2 sinα
sinϕ2 sinα
cosα

 (2.7)

Aligning the coordinate system to the incoming wave’s polarization vec-
tor simplifies the calculation and in the case of a threefold or higher

3The angle between e and the surface normal is equal to the angle Θ between the wave
vector and surface as shown in figure 2.2(a).
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2 Spectroscopy of Adsorbed Molecules

substrate symmetry (which is the case for the used substrates) or random
molecule orientations, the azimuthal angle can be removed by integration
of the absorption intensity, following equation (2.6):

I ∝ 1

2π

∫ 2π

0

dϕ(e · O)2 = cos2Θ cos2 α +
1

2
sin2Θ sin2 α (2.8)

This equation determines a proportionality of intensity as a function of
angle of incidenceΘ and molecule orientation tilting angle α. By measuring
XA at two different angles, such as normal incidence (fixed as Θnormal = 90°)
and grazing incidence Θgrazing, a determination of the intensity ratio R =

Igrazing/Inormal of a resonance is possible. The average angle α of the probed
orbital orientations can thereby be calculated as:

α(R) = arccos

√
1−

2 cos2Θgrazing
R− 1 + 3 · cos2Θgrazing

(2.9)

In the case of a flat adsorbed aromatic system on a surface, which is of high
importance to this thesis, x-rays in normal incidence do not probe the π∗

orbital out-of-plane, but probe the σ∗ resonances at higher energy. Such an
example is depicted in figure 2.2(c). The situation is reversed for (experimen-
tally impossible) grazing incidence within the surface plane (Θgrazing = 0°).
In the case of an angle Θgrazing = 54.7°, no orbital orientation is present
anymore (R = 1) and the total isotropic absorption of a sample is probed.
Equation (2.9) is applied for single resonances; however, if a deconvolu-
tion of resonances is not possible or the orbitals exhibit a more complex
behavior and are not localized on a certain group of the molecule, analysis
of the orientation is only possible with the help of additional DFT calcula-
tions.

2.1.2 X-ray Photoelectron Emission

In addition to probing the unoccupied states by the previously described XA
spectroscopy, probing the occupied states of a system is also valuable to ob-
tain information about the electronic structure. One technique that allows
the investigation of the occupied electronic states is XPS. The absorption of
a photon with energy Eph = ~ω by a core-level electron with binding en-
ergyEB leads in the simple single-electron picture to a release of the excited
electron, if the photon energy is sufficiently high with Eph > EB . Contrary
to XA spectroscopy, the measurement is not done by varying the incom-
ing photon energy, but by scanning the energy of the released electrons.
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hω

hω
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Figure 2.3: Illustration of the principle for x-ray photoelectron spectroscopy
(XPS). A photon (of energy ~ω) is absorbed by a core level electron (e.g. 1s
shell), which is excited and leaves the sample. This electron can be measured
with an kinetic energy Ekin relative to the work function level of ΦA of the
electron analyzer. The Fermi levels EF of analyzer and sample are aligned to
be able to calculate the core-electron binding energy EB .

XPS in particular is useful to quantify elemental compositions in a system,
because typical binding energies can be assigned to certain elements.
In the so-called photoelectric effect, the kinetic energy Ekin of the re-
leased electrons is determined by:

Ekin = ~ω − EB − φA . (2.10)

~ω is again the incoming photon’s energy, EB is the binding energy of the
electron in its initial state, and φA is the work function of the analyzer.
An energy scheme of the process is illustrated in figure 2.3, where a sample
core electron is excited and the corresponding energies are denoted accord-
ing to equation (2.10). Due to an electrical contact between analyzer and
sample, their Fermi levels (EF ) are aligned and knowing the value of the
analyzer work function ΦA is sufficient. Binding energies are influenced by
the electron’s chemical environment. Chemical shifts may appear of the
order of electron volts, depending on the interaction of the atom with its
neighbors. In XPS, photoelectron measurement counts or count rates are
typically plotted against the binding energy. Consequently, s-type orbitals
lead to one peak, whereas the spin-orbit coupling for shells with an angular
momentum l > 0 leads to a peak splitting into a doublet. The quantitative
analysis of the binding energies EB through XPS allows for identification
of state or element concentration in the recorded spectrum by comparing
the areas after a background correction.
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2.1.3 Density Functional Theory for Core-Level Excitations

As previously mentioned, a theoretical simulation of the core-electron lev-
els and absorptions can assist the previously described methods signifi-
cantly. The well-known and most-applied method of DFT allows for simu-
lation of XA spectra and therefore a deeper interpretation of the electronic
structure and geometric information. For the DFT analysis in this thesis, the
StoBe code package has been used [70]. This package is described in more
detail and has been applied to the identification of XA of various molecules
in literature [56, 71–73]. It has been demonstrated that even an interpre-
tation of large molecules such as porphines or porphyrines on surfaces is
possible [74–76], even though the calculation does not include a surface.
For photochromic molecules on surfaces, this package has previously been
used to interpret the results of azobenzenes [44, 56] or spiropyranes [41].
This section provides a brief summary of DFT methods, particularly the
application of the StoBe code.
In quantum mechanics, the electronic structure of a system can be de-
scribed by the Schrödinger equation. In the case of a time-dependent, non-
relativistic system for an arbitrary molecule this equation is given as:

(T̂e + V̂ee + V̂en + T̂n + V̂nn)ψ = Eψ . (2.11)

The kinetic energy contributions are represented by the operators T̂ and
the potential energies by the operators V̂ . ψ is the quantum mechanical
state as a function of all electrons and nuclei coordinates. Various contri-
butions are included, namely from the kinetic energy of the electrons (T̂e),
electron-electron repulsion (V̂ee), electron-nuclei attraction (V̂en), nuclei ki-
netic energy (T̂n), and the nuclei-nuclei repulsion (V̂nn).
At this point, simplifications of the Schrödinger equation are already pos-
sible. The Born-Oppenheimer approximation states that the movements of
nuclei are much slower than those of electrons, allowing for a separation
of the electron and nuclei wave functions as ψtotal = ψelectrons × ψnuclei. The
Hamiltonian in the Schrödinger equation in equation (2.11) simplifies to a
so-called electronic Hamiltonian, where only the operators including elec-
tronic energies are present:

Ĥelecψelec = Eelecψelec , (2.12)
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with Ĥelec consisting of the sum of kinetic and potential energies [77]:

T̂e = −1

2

N∑
i=1

∇2
i , (2.13a)

V̂ee = −
N∑
i=1

N∑
j>i

1

|ri − rj|
, (2.13b)

V̂en = −
N∑
i=1

M∑
A=1

ZA

|RA − ri|
, (2.13c)

where N is the number of electrons and M the number of nuclei.
The potential energy of nuclei-nuclei repulsion is only treated as a con-
stant Vnn and the nuclear coordinates are not explicitly present in ψelec. The
total energy of the system is in this case the sum of nuclear energies and
electronic energies, given as Etot = Eelec+Enuclear. In principle, this equation
is already possible to solve, e.g. by the variational principle [77]. However,
an important drawback is the dimensionality of 3N of the problem, which
causes a too high demand on computational power for larger systems.
Using DFT, it is possible to overcome these limitations and drastically
reduce the computational costs. Instead of treating every electron wave
function as independent, the electron density ρ(r) (or more accurate, the
probability density) is used and reduces the dimensionality of the prob-
lem to three. In 1964, Pierre Hohenberg and Walter Kohn stated in the
Hohenberg-Kohn theorem that (1) the ground state electronic energy E0

and all properties are determined by the electron density ρ(r) and an ex-
ternal potential Vext, and (2) according to the variational principle, the total
energy is minimal for the real ground state density ρ0 [78].
To further reduce the problem, a combination of non-interacting single-
electron functions leads to a simplification of the Schrödinger equation.
These so-called Kohn-Sham orbitals solve the Schrödinger equation for sin-
gle particles with wave functions φi as:

HKSφi = εiφi . (2.14)

The system of artificial non-interacting single-electron wavefunctions is
connected to the real density, so that it equals the ground state density of
the target system of interacting electrons:

ρ(r) =
occ∑
i=1

spin∑
s=1

|φi(r, s)|2 = ρ0(r) . (2.15)
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Using the Lagrange formalism [79], the Kohn-Sham equations can be
solved as [77]:(

−1

2
∇2 −

M∑
A=1

ZA

|RA − r|
+

∫
ρ(r′)

|r − r′|
dr′ + Vxc[ρ(r)]

)
φi = εiφi , (2.16)

where Vxc[ρ(r)] is the exchange-correlation potential. This potential is the
derivative of an exchange-correlation energy EXC with respect to ρ and re-
mains the only unknown in the equation (2.16). The Kohn-Sham principle is
therefore in general a correct solution, which requires only an approxima-
tion for explicitly solving the density functional problem. Equation (2.16)
is solved in DFT by applying an initial guess for the electron density and
using well-tested approximations for the exchange-correlation functionals
before optimization until a certain threshold of change is reached. In the
context of this work, a revised exchange/correlation functional by Perdew,
Burke, and Ernzerhof (RPBE) is applied [80, 81]. Details of the DFT simulation
settings and procedures are noted in the supplementary information of the
publications.

2.2 Differential Reflectance Spectroscopy

Even though the information gathered by core-level spectroscopy and its
simulation is already comprehensive, there are some drawbacks as pointed
out in the introduction. These drawbacks lead to the importance of using
additional techniques such as DRS. This section explains the basic concepts
of the interaction of visible light with organic-inorganic solid systems and
this method’s difference fromwell-known UV/Vis spectroscopy of solutions.
The signal of the DRS is defined as the wavelength-dependent change
of a reflection R(λ) of a sample with an adsorbate at the wavelength λ
compared to the reflection of the bare substrate R0(λ) as:

∆R

R
(λ) =

R(λ)−R0(λ)

R0(λ)
. (2.17)

Using the Maxwell equations in homogeneous, linear, and isotropic me-
dia, the light can be described by two differential equations for the electric
and magnetic field [82, 83]:

∇2E =
ε̃

c2
∂2E

∂t2
, (2.18a)

∇2B =
ε̃

c2
∂2B

∂t2
. (2.18b)
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The complex dielectric function ε̃ is introduced to combine the real di-
electric function εr with a complex, dispersive term:

ε̃ = εr − i
σ

ε0ω
(2.19)

In the complex term, the electrical conductivity σ enters, leading to an
absorption of the electromagnetic wave’s energy by the medium. The dif-
ferential equations for the electric and magnetic field can be solved by a
general solution consisting of linear waves as:

E(r, t) = E0 · ei(ωt−g̃·r) , (2.20a)

B(r, t) = B0 · ei(ωt−g̃·r) . (2.20b)

Here, the complex wave vector g̃ is introduced and determined (with mag-
netic permeability of µr = 1) as:

g̃2 =
ε̃ · ω2

c2
. (2.21)

An introduction of the complex index of refraction is possible, using |g̃| =
2π/λ · ñ. The complex index of refraction ñ has the form ñ = n− ik, which
leads to:

ε̃ = ñ2 = n2 − k2︸ ︷︷ ︸
ε′

−i · 2nk︸︷︷︸
ε′′

(2.22a)

⇒ ε′ = n2 − k2 , (2.22b)

⇒ ε′′ = 2nk . (2.22c)

The solution of the complex dielectric function ε̃ with its real part ε′ and
complex part ε′′ now enables one to determine the desired substrate and
adsorbate properties in terms of two properties only.
Investigating electromagnetic waves on interfaces of two media with
different indexes of refraction is simplified by using the well-known Fres-
nel coefficients [82, 84]. With a deconvolution into two linear waves that
are orthogonal to each other, coefficients for the complex reflective part
in perpendicular (⊥) and parallel (‖) polarization can be given, using the

17



2 Spectroscopy of Adsorbed Molecules

simplification of a non-absorbing medium 1, as:

r̃12,⊥ =
n1 cosα− ñ2 cos β̃

n1 cosα + ñ2 cos β̃
, (2.23a)

r̃12,‖ =
ñ2 cosα− n1 cos β̃

ñ2 cosα + n1 cos β̃
, (2.23b)

t̃12,⊥ =
2n1 cosα

n1 cosα + ñ2 cos β̃
, (2.23c)

t̃12,‖ =
2n1 cos β̃

ñ2 cosα + n1 cos β̃
. (2.23d)

The angle α is defined as the angle between the wave vector of the incom-
ing wave and surface normal, whereas the angle β is defined as the vector
of the wave inside the second medium and the normal direction. The com-
plex angle β is utilized, originating from Snells’ law as sin β = n1 sinα

n2−ik2
.

For DRS, the system of vacuum, adsorbate, and substrate can be calcu-
lated as a three-layer system with two interfaces. The incoming wave gets
reflected and transmitted many times, a process known as the Fabry–Pérot
interferometer. It is possible to calculate the wave phase change of each
partial reflection [82, 85], allowing for the summation of a total reflected
amplitude. A simplification and approximation of the total reflection of all
three layers becomes possible for very thin layers, much smaller than the
wavelength of the incoming beam [86]. Inserting the derived coefficients in
equation (2.17) allows (after an extensive derivation) for a description of the
measurement signal by the parts ε′ and ε′′ of the complex dielectric func-
tion for the absorbing media (medium 2: adsorbate, medium 3: substrate)
[83, 87, 88]. This signal results to:

∆R

R
≈ −8π

d

λ

ε′′3(ε
′
2 − 1) + ε′′2(1− ε′3)

ε′23 + ε′′23 − 2ε′3 + 1
. (2.24)

Equation (2.24) demonstrates that the measured signal is strongly depen-
dent on both the adsorbate and substrate dielectric functions. The adsor-
bate can induce changes to the substrate’s properties, e.g., through polariza-
tion. For only slightly coupled systems, properties for the substrate could
be taken from references such as [89].
For the application of DRS to photochromic molecules in direct contact
with surfaces, the main important property to observe is the switching abil-
ity. A change of absorption of medium 2 (by a change of ε′′2) leads to a change
of the reflectance signal. Therefore, these complementary methods to the
previously-explained core spectroscopies help to directly probe molecular
properties using only a variation of well-known UV/Vis spectroscopy. The
setup to acquire the signal is explained in section 3.2.
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Photochromic Molecules 2.3

2.3 Photochromic Molecules

This section gives a brief overview about photochromism of molecular
switches, in particular about the switching cross-section. Photochromism
is a reversible transformation between two different states, such as isomers
of a molecule. The reversibility is important, but does not necessarily need
to be triggered by light and could also occur thermally.
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Figure 2.4: Scheme of a simple photochromic reaction. Two metastable states A
and B of a molecule exist and conversion by light (hν1 and hν2) or temperature
(∆T ) is possible.

A simple energy landscape of a photochromically switching system be-
tween two states A and B is shown in figure 2.4. In this illustration, a
molecule can be switched between its two states by light, where an elec-
tron from each of the states can be excited by a photon (hν1 and hν2) and
may relax to the other state. Thermal energy increases the probability to
overcome the energy barrier EA to switch from B to A. This temperature
dependence of the thermal relaxation rate is modeled in a simple way by
the Arrhenius equation. The switching rate k is temperature dependent as:

k = A · e−
EA
RT , (2.25)

with R being the universal gas constant and A a pre-exponential factor
mainly depending on the vibrational freedom of the molecule.
A part of this work deals with the kinetics of thermal- and light-induced
switching processes. Identification of differences between molecules in so-
lutions and on surfaces allow to conclude on surface-induced changes and
to tailor the molecule’s chemical groups. One of the main properties to
compare is the quantum yield, which is defined as a probability for switch-
ing upon illumination of a photon by a single molecule. With methods

19



2 Spectroscopy of Adsorbed Molecules

such as UV/Vis spectroscopy, properties like the quantum yield are typi-
cally compared to identify suitable molecules for further studies.
Since for experiments on solid surfaces, the total absorption of the light
by the molecules is difficult to measure, a better quantity to compare is
the cross-section. Similar to scattering theory, the incoming photons with
a photon flux density φ (in photons per area per time) interact with a layer
of molecules which posses a density n (two-dimensional) in one of the
states. The rate of change of the density of a particular state depends on
the cross-section σ:

dn

dt
= −σφn . (2.26)

The switching from one to the other state follows a single-exponential func-
tion with a time constant τ :

n(t) = n · e−
t
τ → dn

dt
= −n

τ
· e−

t
τ (2.27)

Comparing both rates in equations (2.26) and (2.27) results in a equation for
the cross-section as:

σ =
1

φτ
. (2.28)

This cross-section does not fully apply to the experiments of adsorbed
molecules on surfaces in this work. Due to the superposition of the incom-
ing and reflected wave, the intensity is reduced in proximity to the surface.
This is taken into account by using the effective cross-section as:

σeff = σ · rS , (2.29)

with a reduction factor rS on the surface defined as:

rS =
photon flux density at surface

photon flux density
=
φS

φ
(2.30)

In this thesis, the decrease of photon flux density on the surface is not
explicitly taken into account and the effective cross-section is calculated
as σeff = (φτ)−1. The reduction factor can be calculated using the electric
field of the light as already derived before in equation (2.20a). For the
reflected wave, the Fresnel coefficients in equations (2.23) can be utilized
using optical properties of the substrates from literature. The superposition
of both waves determines the intensity at the position of the molecules
by using the optical properties of the substrates, which are available in
literature. For bismuth and gold, the intensity is reduced by more than a
factor of two [FN 2] and for HOPG about a factor of four [90]. For gold as
used in [FN 4], a reduction of more than a factor of two for a wavelength of
365 nm and a factor of three for a wavelength of 625 nm can be calculated
[91].
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CHAPTER 3
Experimental Methods

In this chapter, the basic experimental details are explained. More de-
tailed properties of experiments can be found in the methods section of
each publication in chapter 6.

3.1 XA and XPS Measurements

The XA and XPS measurements presented in this thesis were performed
at the synchrotron radiation source BESSY II of the Helmholtz-Zentrum
Berlin (HZB). A customized UHV chamber owned by the AG Kuch (details in
section 3.1.2) was used on the undulator beamline UE56/2-PGM-2. A detailed
description of the beamline can be found in Refs. [92] and [93].

3.1.1 Synchrotron Radiation

Synchrotron radiation provides x-rays of the highest brilliance1, as well as
flexible properties such as energetic and temporal resolution. The princi-
ple of synchrotron radiation is based on deflection of charges. According
to Maxwell’s equations, accelerated charges emit electromagnetic radia-
tion. In a synchrotron, electrons are accelerated and kept in a storage ring,
which in the case of BESSY II has a perimeter of 240m and is operated at
an electron energy up to 1.7 GeV. Thirty-two deflection magnets keep the
electrons on their trajectory and 11 so-called undulators deliver x rays in
different energy regimes of the highest brilliance. Since the wavelengths
of interest are in the soft x-ray regime, all parts of the storage ring and the
beamline is kept at UHV.
Figure 3.1 depicts the principle of an undulator. Electrons with a velocity
close to the speed of light enter the arrangement of permanent magnets ar-
ranged with opposite magnetization directions. Due to the Lorentz force,
the electrons are forced on a periodical trajectory and emit radiation in
the direction of the wave vector due to the resulting accelerations. The

1Brilliance is defined as photon flux per solid angle, source size, and bandwidth [94].
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Figure 3.1: Schematic drawing of an undulator. Electrons are injected with a
high velocity from the left side and move on periodical trajectories.

emitted photons superimpose in a constructive manner and lead to a po-
larization of the resulting x-ray wave. A degree of polarization above 99%
is reached for linear polarized light. The wavelength is tuned by varying
the gap opening between the magnets. Undulators, such as the one used
at the UE56/2, in contrast to the schematic drawing consist of four rows
of permanent magnets, so that the polarization of the x-rays can be var-
ied, e.g., to circular or vertical polarized light. To measure the angular
orientation of molecules, the sample was kept in a fixed position in graz-
ing incidence and only the polarization was varied between horizontal and
vertical linear. In the beamline right behind the undulator, a plane grating
monochromator (PGM) is installed to monochromize the resulting (already
discrete) undulator spectrum and leads to a very high spectral resolution
[92].

3.1.2 Experimental Setup

All measurements and preparations were carried out in UHV. The pressure
was in the order of 10−9mbar or below. At higher pressures, significant
contaminations by residual gases would appear. To achieve the UHV pres-
sure regime, the chambers were equipped with different types of pumps.
The chamber used for synchrotron radiation measurements consisted of
various equipment. For the preparation of the samples, a sputter gun was
used, and LEED and Auger systems enabled pre-characterization of the clean
substrate. In addition, a quick exchange of samples through a storage and
a load-lock was possible. The load-lock enabled cleaving of HOPG through
ripping a carbon tape off of the surface under high vacuum (10−7mbar)
conditions.
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XPS and XA measurements were performed using the sample holder of
the manipulator equipped with a liquid helium flow cryostat. Samples were
mounted on Omicron sample plates. To control the temperature, a heating
filament was mounted on the temperature exchange block. A boron nitride
heater was installed behind the sample. Thermocouples were mounted
above and below the holder. Using liquid helium, temperatures as low
as 60K could be achieved, but in the context of this thesis temperatures
were usually kept between 130 K and room temperature. The sample can
be moved and rotated in five axes, enabling a change of the x-ray beam
incidence angle.
The electron analyzer was mounted with an angle of 45° with respect to
the incoming x-rays. For detection of the XPS, a hemispherical analyzer of
the type Phoibos 100 by SPECS GmbH was used. Evaporators were mounted
behind valves in various positions, depending on the exact type of exper-
iment being performed. Most often, evaporators were placed orthogonal
to the x-ray beam direction, to enable evaporation and measurement in
grazing incidence geometry at the same time.
Further details on the experimental setup as used for synchrotron radi-
ation measurements are published elsewhere [52, 95, 96] and summarized,
including more detailed description, in each publication as reprinted later
in this thesis. Additionally, to improve acquisition speed and reliability, a
motorization of the setup was built, which is described in appendix B.2.

3.1.3 XA Detection and Normalization

Detection of XA of solids is possible by different methods, such as x-ray
fluorescence, x-ray-induced Auger electrons, and x-ray total electron yield
(TEY) [66]. TEY has particular advantages due to its simple principle: The
drain current of the sample to ground is measured. After photoabsorp-
tion of the x-rays, avalanches of electrons are generated inside the solid,
in which some electrons with sufficiently high energy can overcome the
work function of the surface. In this way, TEY is also very surface sensitive
due to the limited mean free path of electrons in solids.
To detect the very small currents in the order of picoampere, the sample
must have a resistance to ground in the high gigaohm range. Additionally,
high care must be taken in the mechanical and electrical stability of the
environment to reduce noise in the measurements. The pre-amplification
of currents was achieved by using variable sub-femtoampere amplifier
DDPCA-300 by Femto Messtechnik GmbH. They amplify and convert to a
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voltage with gain of (mostly used) 1010 VA−1. Readout was performed using
Keithley electrometers of type Model 6514.
Upstream of the experiment as described in the previous section, a gold
grid was mounted. A gold electron-beam evaporator enables coating of
the grid with a fresh gold film. Therefore, absorption of pure gold can
be used for normalization of the beam intensity. This signal is denoted
as Igrid, whereas the pure sample drain current is assigned to Isample. To
identify the contributions of the XA signal which are originating from the
adsorbate only, reference measurements of the clean substrate were also
taken and denoted as Ireference. The measurements of the signal of adsorbate
and substrate together are denoted as Iadsorbate. The presented XA spectra
are calculated by:

I =
Iadsorbatesample /Iadsorbategrid

Ireferencesample /Ireferencegrid

(3.1)

To further normalize the spectra, they have been divided by their inten-
sity on the pre-edge (some eV before the first π∗ resonance), leading to a
presentation of the relative change of signal by the adsorbate.

3.1.4 Illumination Setup

For illumination of the samples by ultraviolet (UV) and visible light for
synchrotron measurements, different setups were used. The setup using a
xenon-mercury arc lamp has only been applied for [FN 1] and is described
there.
Most experiments were executed using LED setups. Various LEDs of wave-
lengths (in brackets the Thorlabs article numbers) 365 nm (M365LP1), 365 nm
(M365L2), 405 nm (M405LP1), 455 nm (M455L2), 530 nm (M530L2), 565 nm
(M565L3), 590 nm (M590L2), 625 nm (M625L3), and 850nm (M850L3) were
installed on the UHV chambers to achieve a highly powerful illumination.
Due to rather slow switching effects, improving the illumination power was
necessary. Behind the LEDs, an achromatic lens was mounted to collimate
the beam. For focusing on the sample, UV-fused silica lenses were directly
mounted on the UHV chamber windows. All illuminations were performed
in measurement position, to enable simultaneous measurements.
For calculation of the effective cross-sections of the switching processes,
measurement of the illumination power in sample position is necessary.
For these measurements, the exact positions have been set up ex situ and a
thermal power sensor of type S302C by Thorlabs was used to measure the
illumination power. In order to have comparable values in all publications,
the photon flux density in photons/s/mm2 was calculated.
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Optical Reflectance 3.2

3.2 Optical Reflectance

The description of the newly-built setup for measuring DRS is published
in a Review of Scientific Instruments article, which is reprinted on page 87.
Further information, such as pictures of the setup or details of the software
components, can be found in appendix A.

3.3 Sample Preparation

To clean single-crystal substrates in UHV, the sputter gun was used. This
tool accelerates Ar+ ions onto the surface using a high voltage between
0.6 kV and 2 kV. Due to an angle between the gun and sample surface, the
impurities are kicked away from the surface. Afterwards, an annealing is
necessary to achieve an atomically flat surface. This was accomplished in
the annealing process by heating to high temperatures, but staying below
the melting temperature, such as 350 K for Bi(111) and 900K for Au(111). The
sputtering and annealing was repeated alternatingly until no contamina-
tion in XPS and XA was visible and sharp LEED spots were obtained. HOPG
was prepared by cleaving off a carbon tape in high vacuum in a dedicated
home-made cleaving stage. The HOPG was purchased in highest grade
(ZYA) from Structure Probe Inc.

Deposition of molecules was performed for nearly all experiments at sub-
strate temperatures around 200K. There has been evidence that over a long
time at room temperature only weakly bound molecules can desorb from
inert surfaces such as Bi(111) and HOPG. Molecules were evaporated from a
Knudsen cell using a home-made evaporator (described in Ref. [95]). Except
for thiazol-diarylethene, all molecules used in this work are commercially
available, e.g., at TCI Chemicals. The evaporators were equipped with a
quartz microbalance, which can be used for measuring the number of evap-
orated molecules after a calibration. The change of the eigenfrequency of
a quartz was measured. To stabilize this frequency against external influ-
ences and improve the sticking rate of molecules, the quartz was cooled
by ice water.
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3 Experimental Methods

3.4 Thickness Calibration

To calibrate the previously explained quartz microbalance with coverages
in terms of fractions of fully closed layers (monolayers), calibration mea-
surements have been performed using XA and DRS. The principle is identical
for both methods. The molecules were evaporated onto the substrate step-
wise with recording of spectra in between. This has been performed in a
similar way for azobenzene on the Au(111) surface before using XPS [50]. For
weakly bound molecules, only one saturated layer sticks on the surface.
This layer’s signal can be identified using either the total edge jump of the
XA of an element or by observing a certain absorption band in DRS. In this
PhD work, calibrations were measured for spironaphthopyran and spiro-
naphthooxazine on Bi(111) using XA and DRS, respectively. In figure 3.2, the
calibration using XA is provided. On the carbon K edge, a total edge jump
of 17% is fitted by an exponential function. Due to different structure and
bending of the spectra, a direct comparison with the last spectrum in fig-
ure 3.2 (a virtually saturated layer) is a straightforward option to identify
coverages. This calibration can easily be transferred to other molecules,
substrates or elements. In the same beamtime with same conditions, it is
feasible to subtract (instead of divide, see equation (3.1)) the XA background
signals and compare absolute sample drain currents for the adsorbate sig-
nals. For other molecules with different amounts of carbon atoms and
different packing on the surface, assumptions can be included and there-
fore estimations can be carried out. This calibration was cross-checked and
verified with various calibrations determined in previous theses [50, 95, 96].
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Figure 3.2: (a) XA of spironaphthopyran on Bi(111) after different evaporation
steps at room temperature. (b) Evaluation of the total edge jump (4 eV average
at 338 eV) for different changes of frequency of the quartz microbalance.
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Thickness Calibration 3.4

The same type of calibration has been carried out for DRS. Spironaphtho-
oxazine was evaporated on Bi(111) at room temperature, with the DRS mea-
sured after each step. The result is presented in figure 3.3 and the satura-
tion is evaluated to be at a DRS signal of -0.061 at 245 nm. The difference of
change of frequency between both methods presumably originates from a
drastically different distance of the evaporator to the sample. In DRS, the
distance is much larger, since the evaporator is not used with a shutter, but
placed behind a valve. This difference could also be explained by different
quartz geometries or different sticking coefficients of the molecules.
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Figure 3.3: (a) DRS of spironaphthooxazine on Bi(111) after different evapora-
tion steps at room temperature. (b) Signal at 245 nm as a function of the
microbalance frequency change. Taken from [FN 3]. © 2018 AIP Publishing.
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CHAPTER 4
Photochromism on Surfaces

This chapter provides an overview of the experiments and results pub-
lished in [FN 1], [FN 2], and [FN 4]. Basic properties of the systems are intro-
duced and the important milestones of each publication are summarized.

4.1 Diarylethene on Surfaces

Diarlyethene is a versatile molecular switch which attracted attention in
various systems [14]. This switch’s high fatigue resistance of photorespon-
sive ring-closing and ring-opening is of great interest. Additionally, the
reversible switching from closed form to open form can not be invoked
by thermal energy. Especially on surfaces, the thermal stability of switches
can differ drastically from their behavior in solutions [41, 53].
In collaboration with the working group of Prof. Dr. Stefan Hecht of
the Humboldt University of Berlin, a derivate synthesized by this group
has been chosen for investigation on different surfaces using XA and
XPS. The selected molecule thiazol-diarylethene (T-DAE, 1,2-bis(5-methyl-2-
phenylthiazol-4-yl)cyclopent-1-ene) is illustrated in figure 4.1. This molecule
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NN
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Vis

Figure 4.1: Chemical structure of T-DAE in its open isomer (left) and closed
isomer (right). Ring opening and ring closure can take place in solutions
using ultraviolet and visible light.

is well-studied in solutions and by DFT [97, 98] and has a very important
advantage for use with XA and XPS: it contains two nitrogen atoms close
to the switching unit, in order to identify switching processes by changes
of the nitrogen chemical properties.
The target of the investigations was to find a suitable surface to reversibly
switch the molecule light-controlled in both directions. The surfaces Bi(111),
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4 Photochromism on Surfaces

HOPG, and Au(111) were considered and studied, but led to problems on the
Au(111) surface. As indicated in previous experiments, sulfur may react quite
intensely when exposed to x-rays on the gold surface [99, 100].
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Figure 4.2: XPS of 0.69(5) ML of T-DAE on Au(111). Top panel: pristine after
evaporation. Bottom panel: same measurement spot, but after 29 minutes of
recording XPS.

Figure 4.2 depicts the XPS of the sulfur 2p electrons of 0.69(5) ML of T-
DAE on Au(111) and in particular (bottom panel) the change upon 29 minutes
of x-ray radiation. The doublets stem from the spin-orbit splitting, which
results in 2p1/2 and 2p3/2 sulfur peaks. Before illumination, only one species
(blue line) was present, meaning that all molecules were present in the
same state. Upon 29 minutes of x-ray radiation, a newly emerging sulfur
species with a doublet at higher binding energy (magenta lines) with a
2p3/2 peak at 164.3 eV is present. Similar blue shifts have been previously
observed for destructed sulfur-containing molecules [100]. And also in the
case of T-DAE on Au(111) originate presumably from a destructed molecule
induced by the x rays.
The results on HOPG and Bi(111) are published in [FN 1]. A switching from
the ring-opened form to the ring-closed form by strong UV and UV/visible
light was achieved. Figure 4.3 presents the time dependence of such a
switching process using XA and the fitting by the linear combination of
the first and last spectrum of each intermediate spectrum. The effective
cross-section for this process is σeff = 1.3(2)× 10−22 cm2. The same value has
been obtained for T-DAE on Bi(111). By using DFT for gas phase isomers of
T-DAE, a clear assignment of the present T-DAE isomer on the surface to a
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Figure 4.3: (a) XA of the nitrogen K edge of a submonolayer T-DAE on HOPG
recorded in grazing incidence (20°, p-polarized light). Beginning with the
green spectrum, a broadband UV/Vis illumination for 231 minutes led to the red
spectrum. (b) For each spectrum, the superposition of first and last spectrum
from (a) has been fitted. Plotted is the prefactor for the linear combination
of the last spectrum versus the illumination time. Taken from [FN 1]. © IOP
Publishing Limited.

ring-closed form can be made; however, the exact nature of the resulting
isomer has not been determined. Three possible ring-closed isomers were
calculated by DFT and through comparison to experimental nitrogen XA, no
clear results could be given. For the light-induced ring-closure reactions on
both surfaces, upon light illumination a change of mean angular orientation
of the molecule by 5° towards a flatter lying isomer was also found. This
discovery indicates a ring-closure as well. XPS revealed a newly emerging
sulfur species with a shift of binding energy by −0.6 eV, which is close to
values reported in literature [55]. In addition, for the illuminated sample, a
species with a strong shift by 2.2 eV of sulfur 2p binding energy was also
observed and attributed to a light/x-ray induced chemisorption of the T-DAE
[FN 1].
Upon illumination, the resulting isomers on Bi(111) and HOPG could not be
switched further. This finding could point towards a distorted closed-form
isomer, which no longer exhibits switching functionality. If present, the
photoinduced back-reaction would have an effective cross-section below
10−22 cm2, as determined by intense illumination with different light sources
for more than 75 minutes each. The switching time constants in the order
of 12 hours to days would not be experimentally observable by the applied
methods.
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4 Photochromism on Surfaces

4.2 Spiropyran on Bi(111)

SP is one of the most used photochromic molecules [14, 101, 102]. Its most
prominent change of property upon isomerization is the substantial differ-
ence in electric dipole moment. SP and close relatives are intensely studied
in different environments [103–109].
To find a molecule that can reversibly switch while in direct contact with
a surface, SP derivatives were investigated. Of particular success were the
investigations of spironaphthopyran (see figure 4.4) on Bi(111).

N O

CH3

CH3CH3

N O
CH3

CH3CH3

Figure 4.4: Chemical structure of SNP in its spiropyran form (left) and mero-
cyanine (MC) form (right). Photoconversion can take place in solutions using
ultraviolet and visible light. Switching from MC to SNP is also possible using
thermal energy.

SP has been chosen for investigations on surfaces, since promising re-
sults have already been achieved [40, 41, 110]. Most often, the trimethyl-6-
nitrospiropyran (named as nitro-spiropyran in this work) was used. It was
found that in the case of nitro-spiropyran on Au(111), even the thermal sta-
bility was reversed, and upon heating above 300K, the SP converts without
further influence to its merocyanine (MC) form [41]. On the other hand, on
Bi(110) a photostationary state was reached using a blue laser illumination
[40]. Since no reversible switching was achieved and the back-reaction from
MC to SP in particular could not be achieved in direct contact with surfaces,
the nitro-spiropyran was exchanged to the spironaphthopyran. Instead of
the electron-withdrawing nitro group, a naphtho group was added to the
spiropyran, leading through its electron-donating nature to a destabiliza-
tion of the MC form. To have a less interacting surface, the semimetallic
Bi(111) was chosen instead of Au(111). The density of states at the Fermi level
of Bi(111) is low [111–113] and therefore a reduced van-der-Waals interaction
is expected.
Both modifications led to a reversible switching of SNP on Bi(111), as pub-
lished in [FN 2]. Using a combination of XA and DFT, the UV-induced ring-
opening was proven and by heating the sample to temperatures above
250 K, reversibility to SNP was achieved. Since the effect is also easily re-
producible, investigations of the energetic barriers are likewise feasible.
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Spiropyran on Bi(111) 4.2

By varying the temperature and assuming simple Arrhenius-like behaviors,
a model was established. The Arrhenius equation states a temperature-
dependent rate k as product of an pre-exponential factor A and an expo-

nential function including the activation energy EA as: k(T ) = Ae
−EA
RT .

The final model enables an explanation of the experimental data. Figure
4.5 presents one of the important results of this work. Panel (a) shows a
sketch of the proposed energy landscape of SNP and MC. Panel (b) provides
the notation for the mathematical description of the differential equations.
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Figure 4.5: (a) Schematic visualization of the proposed energy landscape for the
photoinduced and thermal switching between SNP and MC. Suggested is an
intermediate state with the energy barrier ES,1 to the SNP isomer and ES,2

to the MC isomer. The MC isomer is at a local minimum adjoining to the
barrier EG. (b) Mathematical notation for the fitting of the experimental data
to the proposed energy landscape as denoted in (a). Taken from [FN 2]. © 2017
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

After excitation of the SNP state to some excited state (rate k1), a re-
laxation takes place (rate k3) back to the ground state. The present state
is presumably a ring-opened MC in a cis configuration.1 The most-stable
MC configurations were found to have the carbon bonds in a trans con-
figuration. In this configuration, the molecule can either undergo a back-
relaxation to the SP form by passing the energy barrier ES,1 (rate k4) or relax
to the metastable MC configuration by overcoming the barrier ES,2 (rate

1Depending on the conformation of the alkene-bridge segments of the MC, eight different
possible MC isomers exist. The terms cis or trans isomers denote the configuration of
the central bridge.
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4 Photochromism on Surfaces

k5). The thermal relaxation from MC to SNP is included by overcoming the
energetic barrier EG (rate k6).
According to figure 4.5(b), the rates for k4, k5, and k6 are:

k4(T ) = AS e
−ES,1/(RT ), k5(T ) = AS e

−ES,2/(RT ), k6(T ) = AG e
−EG/(RT ) . (4.1)

The prefactors AS and AG are attempt frequencies for switching in each
direction. Using the initial conditions, the differential equation for the
fraction χMC of MC molecules is [FN 2]:

dχMC
dt

= (1− χMC) · kSNP→MC − χMC · kMC→SNP , (4.2)

with the switching coefficients as:

kMC→SNP = −AG e
−EG/(RT ) 1

1 + e−∆ES/(RT )
, (4.3a)

kSNP→MC = σ(λ)φUVΦ1
1

e∆ES/(RT ) + 1
. (4.3b)

σ(λ) is the cross-section of one molecule absorbing a photon of wavelength
λ, φUV is the photon flux density, and Φ1 is the quantum yield for the ex-
cited state. For fitting, the energy barrier difference ∆ES = ES,2 − ES,1

is taken into account and the prefactors for kSNP→MC are combined as
kS = σ(λ)φUVΦ1. The obtained prefactors and energy barrier values are:
EG = 79(2) kJmol−1, ∆ES = 16(2) kJmol−1, AG = 1015.4(4) s−1, and kS = 7(2) s−1.
Of special interest in these values is the thermal stability EG of the MC
state. This value is slightly higher than observed in polar solutions, where
the value is at 75 kJmol−1 [107].
The origin of the barrier is not fully assigned. In literature, various the-
oretical and experimental results indicate this barrier in the ground state,
which is attributed to the cis-trans-isomerization of the carbon bonds upon
ring opening [107, 114–116]. However, for other photochromic molecules,
barriers in the excited state have been observed [117]. They cannot be ruled
out for SNP on Bi(111), since their mathematical description would also well
match to the experimental data.
The finding of a fully reversible switching with a high effective cross-
section allows for a deep insight into the switching process on the surface.
Bistability is still observed on the surface, in contrast to previous results,
e.g. on a Au(111) surface. Still, a redesign of photochromic molecules when
transferred to surfaces is necessary and a systematic investigation of the
redesign is needed.
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4.3 Spirooxazine on Bi(111) and Au(111)

Spirooxazine (SO) is closely related to SP. For the work on SO in this
thesis, the spironaphthooxazine (SNO, 1,3,3-trimethylindolinonaphthospiro-
oxazine) molecule was chosen. This molecule is commercially used in pho-
totropic glasses, which are glasses that darken when exposed to light and
return to their transparent state in the absence of light [118, 119]. An illus-
tration of the molecule with its MC form is provided in figure 4.6.
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Figure 4.6: Chemical structure of SNO in its spiropyran form (left) and mero-
cyanine (MC) form (right). Photoconversion in solutions can take place using
ultraviolet and visible light. Switching from MC to SNO is also possible using
thermal energy.

To gain more insight into photochromism on surfaces, a new experiment
has been built and benchmarked using SNO on Bi(111) [FN 3]. The DRS offers a
superior tool to investigate temperature-dependent switching and stability
of adsorbed molecules on surfaces. As a highlight from reference [FN 3], the
result of temperature-dependent relaxation of SNO on Bi(111) is reprinted in
figure 4.7.
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Figure 4.7: (a) Time-dependent measurements of the asymmetry of saturated
MC-isomerized samples at different temperatures. (b) 1/T-plot of the corre-
sponding relaxation rates and a fit to determine the energy barrier in an Ar-
rhenius model. Taken from [FN 3]. © 2018 AIP Publishing.
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Figure 4.7(a) presents the time dependence of the thermal relaxation
of the asymmetry signal2 of MC to SNO at temperatures between 240 and
260K. At higher temperatures, the SNO state is reached in a shorter period
of time. This behavior can be fitted using an Arrhenius description of
the rates. The energy barrier of the MC state relaxing to SNO can be
obtained from the Arrhenius plot shown in figure 4.7(b). An energy barrier
of EA = 37(4) kJmol−1 was obtained for SNO on Bi(111) [FN 3], which is
reduced compared to measurements in solution, where the barrier was
found to be between 61 and 78 kJmol−1 [103, 120].

The reduced stability of the MC isomer of SNO on the Bi(111) surface
compared to the MC of SNP on Bi(111) (see previous section 4.2) offers a
new perspective: enabling bistability of a photochromic switch on Au(111).
As explained previously, nitro-spiropyran was found stabilized on Au(111)
[41], but for SNO this is no longer the case [FN 4]. Instead, a highly efficient
light-induced bidirectional photochromism is enabled. Figure 4.8 contains
the DRS asymmetry measurements of SNO on Au(111). Using only UV and red
LED illuminations, a control of the SNO isomerization in a submonolayer
is achieved. Beginning from an MC state, five consecutive switching cycles
are presented. The time constants can be determined with this method as
1074(57) s (1st red), 16(1) s (2nd UV, first blue line), 872(21) s (2nd red), 14(1) s
(3rd UV), and 836(27) s (3rd red). The significant decrease of time constants
could suggest a process that is trained through repeated cycles. A possible
explanation for such behavior is a rearrangement of molecules.
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Figure 4.8: Switching cycles of SNO on Au(111) as measured by DRS at a temper-
ature of 200K. Taken from [FN 4]. © 2018 American Chemical Society.

The calculated effective cross-sections for the most efficient switching
series are σeff,UV = 2.3(6)× 10−19 cm2 and σeff,red = 1.4(3)× 10−21 cm2, which
in the case of UV switching is ~2 orders of magnitudes more efficient than
previously measured systems [FN 2, 40, 110]. There is still a high potential

2a defined measure, to identify both isomers in DRS.
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for further optimization since the cross-section in solutions are still orders
of magnitude higher than cross-sections measured on surfaces [107, 108].
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Figure 4.9: DRS of a submonolayer of SNO on Au(111) at a temperature of 200K
for the pristine state and six states upon subsequent illumination by UV and
red light. Taken from [FN 4]. © 2018 American Chemical Society.

The DRS spectra of pristine and photostationary states are presented in
figure 4.9 and provide interesting details about the system. The spectrum
of the pristine sample does not exactly match the spectra after red illumi-
nation, even though the same isomers should be present. This difference is
attributed to a reorganization of the molecules on the surface and, there-
fore, to a different influence on the Au(111) surface states. In addition, the
shape of the DRS is comparable to the shape of UV/Vis measurements of
SNO and its MC form in solution [121].
The results of SNO on Bi(111) and Au(111) constitute the next step in re-
search on photochromic systems on surfaces, which is enabled by DRS. With
SNO on surfaces, a highly efficient and in the case of the Au(111) surface even
bidirectional pure light-induced switching is achieved. Further steps will be
to identify the changes of properties such as the electric dipole moment on
the surface and to tailor the molecules to function at room temperature.
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CHAPTER 5
Summary

In this work, detailed studies of photochromic molecules on different
surfaces have been presented. To find a system of molecular switch and
suitable surface, preferably a single-crystal substrate, various combinations
have been investigated. The substrates Au(111), Bi(111), and HOPG were uti-
lized. A T-DAE, SPs, and SOs were analyzed by XA spectroscopy and XPS. To
support the core-level spectroscopies, DFT simulations of XA spectra were
carried out. These methods deliver a comprehensive picture of the chem-
ical and electronic states, but are inefficient when systematic and time-
consuming studies are required because they rely on an x-ray source such
as a synchrotron radiation beamline. To achieve a deeper understanding
and tailoring of the photochromic switches, a new method was transferred
for application with such systems; the DRS was built in a lab-based setup
to be used with a standard UHV chamber.
The DRS setup was optimized for the use of lowest possible light expo-
sures, to avoid influencing the state of photochromic switches. Further-
more, high mechanical requirements were met to enable measurements
at variable temperatures between 100 and 460K with constant conditions
over hours. Using photomultipliers (PMTs), the noise level was reduced
by a factor of three compared to other setups, which brought the noise
level close to the shot noise threshold. To allow for an investigation of
highly efficient photoswitches, the light exposure was reduced compared
to typical CCD-based setups by at least four orders of magnitude. The
application and potential for research of kinetics was demonstrated for a
sub-monolayer of a SO switch on Bi(111) [FN 3]. The setup allows for a thor-
ough investigation of the optical reflectance of photochromic molecules on
surfaces, even for only very small coverages below a fully closed molecular
layer. Computer-controlled temperature and highly reproducible auto-
mated measurements, including light-illumination, are a key to progress
in the field of adsorbed functional molecules in direct contact with surfaces.

All molecules were evaporated in situ, to achieve a clean analysis of
molecules in sub-monolayers on surfaces. From previous experiments in
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literature, it was already known that the molecular properties change dras-
tically when in contact with surfaces. Therefore, finding a system with low
interaction between surface and adsorbates was a target. Investigations
were performed mainly at temperatures around 200K, since a higher stabil-
ity of all isomerization states is expected at this temperature. In first exper-
iments, using XPS, XA, and DFT, the successful light-induced ring-closure of
T-DAE was demonstrated [FN 1]. The process is inefficient with an effective
cross-section of σeff = 1.3(2)× 10−22 cm2, which is comparable to previous
experiments with photoswitches on surfaces. The resulting species of the T-
DAE cannot conclusively be determined, since invocation of a back-reaction
was not achieved; two other possible closed-form isomers, a T-DAE with the
methyl groups on the same side of the molecule and a by-product which is
described in literature were simulated. These isomers also describe the ob-
served XA and XPS changes. Furthermore, XPS reveals a sulfur species which
is not explainable by an isomer of the T-DAE. A partial chemisorption with
the substrate induced by the illumination is suggested.
The research with SP led to promising results using the SNP switch. On
the semimetallic Bi(111) substrate, a reversibly switchable system was found
and investigated [FN 2]. For the first time, a fully reversible control of the
isomerization of a photochromic molecule directly on a surface was demon-
strated. The UV-induced ring-opening to MC and MC-to-SNP switching by
temperature increase allowed to quantitatively determine energy barriers
involved in the switching process. Temperature-dependent XA measure-
ments of the kinetics of the reaction revealed the presence of an interme-
diate state. Including this state in a model and fitting it to the time- and
temperature-dependent experimental data led to the determination of the
energy barrier for the MC and of the difference in energy between both
barriers adjoining the intermediate state. The thermal stability of MC on
the Bi(111) surface is not significantly changed compared to solution mea-
surements, rendering research with SNP or the bismuth substrate a highly
interesting subject for further experiments. The light-induced SNP-to-MC
switching at 223 K was more efficient than the T-DAE conversion with an
effective cross-section of σeff = 1.1(3)× 10−20 cm2, but at this temperature
already the thermal back-reaction sets in.
A further goal was achieved using SNO. On the Bi(111) surface, it was
possible to demonstrate that the thermal stability of the MC was reduced
compared to solution experiments. The corresponding energy barrier of
EA = 37(4) kJmol−1 was determined, which is reduced by about a factor
of two compared to values in solutions [FN 3]. For a utilization of this
change, the SNO was investigated on the Au(111) surface, where previously
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nitro-spiropyran was identified to possess a drastically increased stability
of the MC state, leading to a reversed thermal behavior. SNO was found
to exhibit a highly efficient photoconversion to MC using a UV-LED and,
vice versa, a bi-directional switching from MC to SNO using a red-light
LED illumination [FN 4]. The effective cross-section for both reactions are
σeff,UV = 2.3(6)× 10−19 cm2 and σeff,red = 1.4(3)× 10−21 cm2. The UV-induced
switching efficiency was strongly increased by ~2 orders of magnitude
compared to previously-determined cross-sections for SPs. The decrease
of switching time constants by repeated illumination cycles and the sig-
nificant difference between the DRS of the pristine evaporated SNO and
the one after red-light illumination point towards a reorganization of the
lateral structure of the adsorbed molecules.

The results achieved in this work are the basis for further tailoring of
photochromic systems. Modification of a previously used nitro-spiropyran
to the spironaphthooxazine enabled the bi-directional light-driven photo-
conversion on the frequently-used Au(111) surface. By further investigation
and changes of molecule substitutions, an increase of the effective cross-
section, up to the efficiency as seen in solutions, is the next target. The DRS
method provides the necessary tool to address the candidates that possess
the potential to act as building blocks for molecular electronics. Study-
ing the cooperation of photochromic switches with inorganic molecules
or (supra)molecular networks on surfaces could help to achieve the next
milestone for applications.
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1. Introduction

Molecular switches have triggered the development of plenty 

of innovative and powerful devices in recent years [1–3]. 

Photochromism allows these molecules to be switched in a 

controlled manner between two isomeric forms by using ultra-

violet/visible light as external stimuli. Diarylethenes (DAEs) 

are a class of molecular switches that can be reversibly inter-

converted between a ring-open and a ring-closed isomer. The 

strong change of their electrical conductance upon isom-

erization renders DAEs promising candidates for molecular 

electronics on the smallest possible level. A vast number of 

investigations have been performed on DAEs [4, 5]. In par-

ticular the combination of the drastic change in conductance 

accompanied by only a small geometry alteration is of interest 

for the use as functional molecular unit in the solid state.

The transition from pure solid-state organic devices to 

organic-inorganic hybrid systems opens many new opportu-

nities. For example, spatial control of functional units can be 

achieved by adsorption on inorganic surfaces. However, in 

contrast to several experiments in solution, the switching func-

tion becomes mostly quenched in the adsorbed state [6–8]. 

While photoswitchable thin films on gold surfaces have been 

realized [9], the first layer of the molecules is chemisorbed on 

the Au(1 1 1) surface via their sulfur atoms, leading to a loss 

of bistability. The switching behavior could be recovered upon 

decoupling the diarylethene from the gold surface via proper 

linkers to thiol anchoring groups [10]. Many studies of DAEs 

in direct contact with surfaces have been performed. On the 

Ag(1 1 1) surface, no chemisorption was found by scanning 

tunneling microscopy (STM) and excitation with the STM tip 

did lead to switching, but a reversible isomerization was not 
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shown [6]. Modifying the usually sulfur-containing switching 

unit of the DAEs by an oxygen unit prevents a chemisorption 

on the Au(1 1 1) surface and rises the possibility of a reversible 

switching by an STM tip [11]. Also in contact with organic sem-

iconductors [12] or in between break junctions [13], the pho-

tochromic properties of DAEs were successfully demonstrated.

Here, we investigate the thiazole-containing DAE (T-DAE, 

figure 1), for which reversible photoswitching has been dem-

onstrated in solution [14], by means of x-ray absorption (XA) 

and x-ray photoelectron spectroscopy (XPS) on highly ori-

ented pyrolytic graphite (HOPG) and Bismuth(1 1 1) surfaces, 

accompanied by density functional theory using the StoBe 

code. T-DAE was chosen as it possesses photochromic prop-

erties similar to the well-known thiophene-containing ana-

logues [14] and at the same time enables XA measurements 

using the nitrogen K-edge. The focus is on the adsorption of 

molecules in submonolayers with direct contact to the sub-

strate and their light-induced isomerizations. After adsorption, 

the open-form isomer can be identified on both surfaces and 

switching can be induced by light.

2. Methods

All experiments were performed in an ultrahigh vacuum 

(UHV) chamber with a base pressure of p = 5 × 10
−10

mbar. 

The Bi(1 1 1) surface was prepared in situ, while preparation 

of the HOPG surface was carried out in high vacuum at 

p = 5 × 10
−7

mbar by cleaving with the help of a carbon tape. 

Bi(1 1 1) was cleaned by subsequent sputter and annealing 

cycles with Ar
+ ions of 600 eV. Annealing was carried out 

for 15 min at 350 K. After cleaning of the substrates, no con-

tamination was present in XPS and sharp low-energy electron 

diffraction (LEED) spots were observed for Bi(1 1 1) while a 

sharp ring-shaped LEED pattern was observed for HOPG.

X-ray measurements were performed at the BESSY II 

synchrotron radiation source of the Helmholtz-Zentrum 

Berlin by using linearly p-polarized x-rays of the undulator 

beamline UE56/2 PGM2, with a degree of polarization of 

about 99% and an energy resolution of approximately 150 

meV. The x-ray absorption spectra were measured by means 

of the total electron yield method and normalized by the 

signal of a gold grid upstream to the measurement chamber 

as well as the corresponding background spectra of clean 

substrates. Thicknesses were defined by comparing to refer-

ence measurements of a spiropyran derivate [15] in a sub-

monolayer on Bi(1 1 1), where the saturation of the first layer 

was monitored by XA at the carbon K edge. This calibration 

is expected to give sufficient accuracy to confirm that the 

molecule coverage is below a saturated monolayer and the 

individual molecules have contact with the substrate. In case 

of a lower packing density of T-DAE, an error up to 20% to 

the defined value can be considered. The calibration on the 

HOPG surface was carried out by subtracting the absolute 

signal of the background and comparing the total nitrogen 

absorption with that of the molecules on the bismuth surface. 

A thickness of 69(5)% of a saturated layer, the latter defined 

as a monolayer (ML), has been determined for the samples 

presented here.

XPS was measured by a SPECS Phoibos 100 electron ana-

lyzer, at an energy resolution of 600 meV with 20 eV pass 

energy and at normal emission under 45° incidence. Excitation 

energies of 260 eV and 345 eV were used with an energy reso-

lution of 200 meV. Binding energies have been calibrated to 

the Bi 4f5/2 literature value of 162.3 eV. For the measurements 

on HOPG, the S 2p spectra measured with an excitation energy 

of 260 eV were calibrated to an S 2p spectrum recorded with 

an excitation energy of 345 eV that was referenced to a C 1s 

spectrum with 345 eV. The 345-eV-excitation S 2p spectrum 

was shifted according to the observed shift of the 284.4 eV C 

1s sp2 peak [16, 17].

Molecules were evaporated from a Knudsen cell at a 

temper ature of 393 K onto the substrate, kept at a temper ature 

of around 200 K. The measurement spot was varied on the 

sample to reduce the amount of defragmentation of the mole-

cules by the x-rays. Since an influence on the switching speed 

by the x-ray radiation has been seen for time-dependent meas-

urements, the position of the x-ray spot was not varied and the 

condition of the molecules was checked after the illumina-

tion series. A more detailed discussion on the radiation influ-

ence is given in the results section. The syntheses and further 

details of the T-DAE molecules can be found in [14] and [18]. 

Details about the density functional theory (DFT) simulation 

by means of the StoBe code can be found in the supplemen-

tary data (stacks.iop.org/JPhysCM/29/374001/mmedia).

For the illumination by UV and visible light, a 1000 W 

xenon-mercury arc lamp was used. The light was  collimated 

and an FM204 UV cold mirror with a reflection >90% 

between 325 and 475 nm was used to filter a UV and blue 

part of the light spectrum (‘broadband’). Furthermore, a 

30 cm focal length fused silica lens was used to focus the 

light through a fused silica window onto the sample surface 

inside the UHV chamber. For illumination during XPS meas-

urements, an additional UG11 filter was used, leading to an 

intense UV illumination with the highest intensity at 325 nm 

and no light above 400 nm (‘UV’). The photon flux density 

Figure 1. Chemical structure of T-DAE as open (left) and closed (right) isomer. Switching in solution can be induced by ultraviolet and 
visible light. [14]
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was around φbroadband = 2.0(3) · 10
16 photons s−1mm−2 and 

φUV = 2.5(3) · 10
15 photons s−1mm−2 in the two different 

illuminations, respectively.

3. Results and discussion

We investigated T-DAE on highly oriented pyrolytic graphite 

(HOPG) and a Bi(1 1 1) single crystal by means of XAS, 

XPS, and DFT simulations to identify the isomeric state of 

the adsorbed molecule and to switch it by in situ illumination 

in UHV.

3.1. Adsorption on HOPG

Figure 2 shows the XA of 0.69(5) ML T-DAE on HOPG, for 

p- and s-polarization (green and black line, respectively) of 

the x-rays. Both polarizations were measured with an inci-

dence angle of 20° between the surface and the k vector of 

the x-rays. A strong π∗ resonance at 398.1 eV is visible for 

both, p- and s-polarized light. It is attributed to the excitation 

to the LUMO localized on the thiazole moieties, as shown in 

the supplementary data. From the ratio of the intensities for 

p- and s-polarized light, the mean angle of this LUMO can 

be determined [19]. The measured ratio of 3.3(2) leads to an 

angle of 37(1)◦ between the molecular orbital and the sur-

face plane. The second and third peak at 399.6 and 401.0 eV, 

respectively, for the p-polarized light are less intense in the 

s-polarized spectrum. In contrast, a peak at 400.6 eV is more 

intense. In the supplementary data, orbitals presumably rep-

resenting the p-polarized XA are shown. Due to the low XA 

signal in this photon energy range, a clear determination of 

the orbital orientations is not feasible. The 400.6-eV peak for 

s-polarized light may originate from an orbital (or combina-

tion of orbitals) that is more vertical on the surface than the 

magic angle (54.7°).

The energetically lowest configuration is the open-form 

isomer, therefore an adsorption in this isomerization state 

is assumed and later on discussed in more detail. DFT 

simulations (see supplementary data) for the free open-form 

molecule reveal an angle of around 50° between the two sym-

metric moieties. Since absorption by equivalent orbitals on 

both moieties of the T-DAE from the two nitrogen atoms con-

tributes to that peak, the smallest determined angle by polar-

ized XA for a flat-lying, unbent molecule would be on average 

25°. The exact topology remains unclear, but it is known that 

flat-lying molecules on surfaces tend to interact strongly with 

the surface and therefore might prevent the switching ability.

3.2. Light-induced switching

Illumination of T-DAE on HOPG was carried out by the UV/blue 

illumination as described in the experimental methods (‘broad-

band’). The molecules, the spectra of which after adsorption are 

shown in figure 2, were illuminated in situ while in parallel mea-

suring the p-polarized N K absorption. To gain insight into the 

kinetics of the switching process, shorter spectra of the first π∗ 

resonance with higher point density were consecutively taken. 

The first spectrum (green) in figure  3 was measured before 

illumination. Afterwards the illumination was turned on until 

a saturation of the effect was nearly reached (red spectrum). 

The total illumination time was 231 min. To analyze the time 

dependence, all spectra were fitted as a superposition of the one 

of the pristine sample, with the π∗ resonance at 398.1 eV, and 

the nearly saturated spectrum with a resonance at 397.8 eV. The 

intensity of the newly emerging peak is shown in figure 4 as a 

function of illumination time. Fitting a simple exponential func-

tion to the data, a time constant of τ = 65.9(8) min for the pro-

cess is acquired. Since the saturation of the exponential function 

would be reached for a prefactor of 1.03(1), the process is not 

completely saturated. Therefore a small amount of molecules 

is not yet switched, but there is no indication for molecules 

being unable to switch to the closed form. The corresponding 

effective cross section  σeff = (φτ)−1 = 1.3(2) · 10
−22

cm
2 

is comparable to other photochromic processes on surfaces. 

Azobenzenes exhibit a trans/cis photoisomerization with an 

Figure 2. Polarization-dependent T-DAE XA after evaporation on 
to HOPG at T = 202 K  measured under 20° incidence.

Figure 3. Measurements of the N K XA of T-DAE on HOPG 
under in situ illumination by the ‘broadband’ illumination setup (cf 
Methods section). Green is the beginning of the series and red is 
after 231 min of illumination. The spectra were taken by p-polarized 
light at 20

◦ angle of incidence.
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effective cross section  of around 2 · 10
−24

cm
2 on Bi(1 1 1) 

[20], and around 6 · 10
−20

cm
2 on Cu(1 1 1) [21]. Spiropyrans 

on bismuth accomplish switching with a cross section for con-

version from spiropyran to merocyanine between 2 · 10
−20

cm
2 

[15] and 4 · 10
−22

cm
2 [7]. However, all these effective cross 

sections represent rather inefficient switching processes, since 

in solution cross sections  in the order of 10
−17

cm
2 can be 

achieved. The presence of a surface already reduces the light 

intensity due to the superposition of incoming and reflected 

waves. For HOPG this leads to an intensity reduction of about 

a factor of 4 [22]. The remaining difference must be attributed 

to the influence of the surface. Several reasons for lowering the 

switching ability of molecules on surfaces can be expected. 

An interaction between molecules and surface could lead to 

a strongly reduced lifetime of the excited states by additional  

de-excitation channels, so that the switching process cannot take 

place. Also, steric hindrance by the reduced degree of freedom 

in the switching pathway is another possibility of lowering the 

cross section on surfaces.

The polarization-dependent spectra for the N K XA 

are shown in figure  5. These data were recorded after the 

switching series from figure 3. The major change compared to 

figure 2 is the already mentioned shift of the first π∗ resonance 

from 398.1 eV to 397.8 eV. The ratio between the same π∗ 

resonances for both polarizations is now 4.8(2) and therefore, 

the average angle between molecular plane and the surface 

changes from 37(1)◦ to 32(1)°. This is a rather small change 

in angle and does not allow for a clear identification of the 

resulting form on the surface.

3.3. XPS

To identify the T-DAE isomers on the surface, XPS has been 

performed on the sulfur 2p photoelectrons. The results (a) 

before and (b) after illumination are shown in figure 6. The 

setup for in situ ‘UV’ illumination during XPS is described 

in the experimental methods section. Before the illumina-

tion, a clear doublet of 2p1/2 and 2p3/2 photoelectrons can 

be identified, with a 2p3/2 peak at 163.9 eV and the typical 

difference of 1.16 eV to the 2p1/2 peak due to spin-orbit split-

ting. This binding energy is in good accordance to XPS of a 

self-assembled monolayer of DAE on a gold surface, where 

for the open form the sulfur photoelectrons are measured at 

163.7 eV [23] and originating from the thiophene groups of an 

open-form isomer. The absence of a strong shift indicates a 

weak interaction of the molecule with the HOPG surface since 

that would probably lower the sulfur binding energies due to 

partial screening by the substrate [9]. After switching, three 

different sulfur species are needed to fit the experimental data. 

The pristine doublet is still present with an integrated inten-

sity of 17(1)%, and two new species are emerging with their 

2p3/2 peaks at 163.3 eV and 161.7 eV, respectively. The former 

is attributed to a closed-form isomer with a shift of -0.6 eV 

with respect to the pristine form. The relative intensity of this 

species is 64(1)%. For a DAE switch in thin films on Au(1 1 1), 

a change of -0.8 eV has been reported [9]. The reason that the 

switching effect is not completely saturated, in contrast to 

the XA measurements, might be due to slight differences in 

illumination, since XPS is not measured on the same spot as 

Figure 4. Exponential time dependence of the switching process as 
obtained from the fit of the spectra shown in figure 3.

Figure 5. Polarization-dependent T-DAE XA after ‘broadband’ 
illumination for 231 min at T = 202 K.

Figure 6. XPS of the S 2p photoelectrons. In panel (a) the pristine 
sample is shown and fitted with a doublet. Panel (b) shows a 
convolution into three species of the T-DAE XPS after 208 min 
‘UV’ illumination.
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XA on the sample. In case of T-DAE on Bi(1 1 1) presented in 

the supplementary data and explained in the next section, the 

corre sponding 2p3/2 peak at 164.5 eV nearly vanishes at a fresh 

position on the sample. The origin of the latter species, the 

third sulfur species at 161.7 eV, remains unknown. This species 

cannot be attributed to a T-DAE isomer. A fraction of 19(1)% 

of the sulfur atoms is present in this state. A similar energy as 

for this species has been seen for dithienylethene on Au(1 1 1) 

[9], and has been assigned to chemisorbed sulfur. However, 

chemisorption on a HOPG surface is unlikely and therefore 

a decomposition due to the strong illumination by UV light 

is also a possible explanation. Due to the strong difference in 

binding energy, it can be assumed that this contribution origi-

nates from a strongly chemically modified compound.

3.4. T-DAE on Bi(1 1 1)

Similar to the results in previous sections, T-DAE was inves-

tigated on the Bi(1 1 1) surface. A detailed evaluation of this 

is given in section  S2 of the supplementary data. XA was 

recorded in the same way as on HOPG. The submonolayer at 

200 K showed a similar time dependence of the switching pro-

cess with a time constant of 66.2(8) min. A clear distinction 

of the sulfur contributions in the XPS is not possible due to an 

overlying Bi 4f5/2 peak. The pristine T-DAE sulfur is shifted 

by 0.6 eV to higher binding energies, but the relative shift in 

binding energy upon switching has nearly the same value. 

From the XPS time dependence during in situ illumination, 

a time constant of 33(1) min and an effective cross section of 

2.1(2) · 10
−21

cm
2 are determined. This is, as mentioned 

before, in a range that has been observed for several photo-

chromic molecules on surfaces and is a bit higher than for the 

‘broadband’ illumination. The deviation to the time constant 

as determined by XA measurements can be attributed to a 

higher x-ray photon flux and different optical setups. A com-

parable time constant for the ‘UV’ and for the ‘broadband’ 

illumination leads to the conclusion that UV light provokes 

the ring closing, as expected from UV/Vis measurements in 

solution [14]. The saturation of the effect is already reached 

at 68(1)%, indicating a rather efficiently emerging by-product 

with x-ray illumination, whereas on a virgin sample position 

without previous x-ray exposure with 92(1)% a much higher 

percentage of closed-form T-DAE is determined.

3.5. Identification by DFT

Since from the experiment alone it remains unknown which 

T-DAE isomers are present on the surface, simulations for dif-

ferent structures for free molecules have been carried out by 

means of the StoBe code [24]. Figure 7 compares the exper-

imental and simulation results. Panel (a) shows the exper-

imental spectra for isotropic XA of T-DAE on HOPG at 202 K 

before and after illumination. The isotropic absorption before 

UV illumination was obtained by a measurement at an angle 

of 54.7° with p polarization. The corresponding spectrum after 

UV illumination is calculated from the polarization-dependent 

data shown in figure  5 according to [19]. Simulated spectra 

using the StoBe code are shown in panel (b). These spectra 

have been shifted by 2 eV to match the experimental results. 

Further details on the simulation and structures of the optim-

ized molecules are given in the supplementary data. A very 

good accordance between the simulated spectrum of the ring-

open isomer (structure shown in panel (c)) and the spectrum 

before switching is observed (both plotted in green colour). 

Only one absorption peak at around 398.1 eV for both, the sim-

ulated and experimental spectra, is visible. For the simulation 

of a ring-closed form, three different structures have been cal-

culated: (d) an isomer with methyl groups in cis configuration; 

(e) an isomer with methyl groups in trans configuration; (f) a 

by-product that has been observed before [14, 18]. All three 

simulations give the same shift in absorption energy after the 

switching process with a new π∗ resonance at 397.8 eV. Like 

in the experiment, this peak is reduced in intensity compared 

to the absorption before switching. The closed isomer with a 

cis configuration as shown in panel (d) fits slightly better to 

the experiment, but with a deviation at a photon energy around 

398.8 eV. Such cis isomer is not expected, since it does not 

occur as an product during irradiation experiments in solution 

Figure 7. Comparison of the experimental isotropic N K edge XA of T-DAE on HOPG directly after adsorption and after illumination 
for 231 min (a) with the simulations for a free standing T-DAE molecule in the open form and three different closed-form isomers (b). 
The structures for the different isomers are shown on the right: (c) ring-open isomer, (d) ring-closed isomer with methyl groups in cis 
configuration, (e) ring-closed isomer with methyl groups in trans configuration, (f) by-product.
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and is not predicted by the Woodward–Hoffmann rules. All 

three simulations exhibit a double-peak structure that is not 

present in the experiment. The second peak is less intense for 

the cis product than for the trans form and the by-product. 

In the supplementary data, the orbitals that contribute to that 

second peak in the DFT simulations are presented for each 

configuration.

Due to the poor accordance of the XA spectrum after the 

switching reaction with the simulations, a distinct assignment 

of the resulting state is not possible. A possible deformation of 

the T-DAE due to surface interaction could lead to a change in 

the experimental XA and therefore to a deviation to the simu-

lated spectra. However, all isomers show a similar shift of the 

first nitrogen resonance as observed in the experiment, which 

indicates that a ring closure was achieved on both surfaces, 

HOPG and Bi(1 1 1).

3.6. Possible stabilization of the ring-closed isomer

The reversibility of the switching process of molecules 

adsorbed on solid surfaces is self-evidently of huge impor-

tance for applications. During our investigations, several 

attempts have been carried out to reversibly switch T-DAE on 

HOPG and Bi(1 1 1) from the closed form to its open-form 

isomer. For example, illumination with an FM203 visible cold 

mirror in combination with a GG400 filter, leading to an illu-

mination spectrum between 400 nm and 650 nm with a photon 

flux density that is in the order of 10
16 photons s−1mm−2, 

did not lead to any visible backswitching in the XA spectra 

in a time span over 110 min, and for XPS even for 180 min. 

Illumination with a green LED was also carried out for a sub-

monolayer of ring-closed T-DAE on HOPG. With a photon 

flux density of 2.7(5) · 10
15 photons s−1mm−2 for 75 min, 

also no reversibility was observed. This leads to the conclu-

sion that the cross section for a reversible switching process 

would be far below 10
−22

cm
2. Dissolved in acetonitrile, the 

quantum yield for ring-opening is around 0.02, whereas the 

ring-closing isomerization has a quantum yield of 0.56 [18]. 

Taking into account this difference in quantum yield, clearly a 

slower switching process would be expected, but it could even 

be quenched on the surface. A reversible switching could only 

be seen if the efficiency for the backreaction would increase 

strongly on the surface, otherwise time constants would lie in 

the order of several hours.

4. Conclusion

Using x-ray spectroscopies we prove that T-DAE adsorbs on 

solid surfaces in submonolayers in the expected open form. 

The molecules are tilted with an average angle of 37(1)° with 

respect to the surface plane. When illuminating with a broad-

band UV and blue illumination, switching can be identified 

from the nitrogen XA. The effective cross section  for this 

process is 1.3(2) · 10
−22

cm
2. XPS reveals two new species 

of sulfur, one of which is attributed to a closed-form isomer. 

However, distinct assignment of the switched state of the mole-

cule by DFT simulations of the XA spectra is not possible. The 

light-triggered backreaction could not be induced, pointing to 

a rather low efficiency or complete quenching of the process.
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S1. Details of the StoBe simulations

Theoretical simulations by DFT have been carried out using the StoBe code package [1].

This package has been used for several XA simulations of gas phase molecules. For

not strongly coupled molecules, the simulation fits very well even for molecules on

surfaces [2–4].

Figure S1 shows T-DAE after relaxation in the four states used for the simulation

of the XA spectra.

(a) (b)

(c) (d)

Figure S1. DFT derived structures of T-DAE optimized by the StoBe code in the

TZVP basis set. The top part of each panel shows the front and the bottom part

the side view of: (a) ring-open isomer, (b) ring-closed isomer (trans configuration),

(c)ring-closed isomer (cis configuration), (d) by-product.

A gradient-corrected RPBE (revised Perdew-Burke-Ernzerhof) exchange correla-

tion functional [5, 6] has been used for both, geometry optimization and XA simulation.

A triple-zeta valence plus polarization (TZVP) basis set was chosen according to [7]

with field-induced polarization (FIP) functions for the hydrogen atoms [8]. K edge ab-

sorption spectra are simulated by the Slater transition state (TS) method [9, 10]. For

that, in the core-excited states, IGLO-III basis sets [11] are used on the center of ex-

citation, whereas remaining atoms of the same element are described by an effective

core potential as given in [12]. The double-basis-set technique by adding a large diffuse

[19s,19p,19d] basis on the center of excitation is used [13]. To compare the resulting

simulations with the experiment, all spectra were shifted by 2.0 eV to lower energies.

Gaussian broadening was applied to the discrete transition energies. The full width at

half maximum (FWHM) for the Gaussian was set to 0.7 eV for transitions below the

ionization potential and then linearly increased to a FWHM of 4.5 eV up to an photon

energy of 10 eV above the ionization potential.
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Figure S2 shows the orbitals that are predominant in the simulated nitrogen XA for

the T-DAE molecule in its open form. The orbitals are acquired by using the transition

state calculations as included in the StoBe code. Their transition excitation energies

are given in the caption.

In analogy, figure S3 shows the transition state orbitals for the three closed-form

isomers. The LUMO and LUMO+1 transitions for each configuration are given to

explain the excitations as shown in the paper in figure 7.

Figure S2. Orbitals of the T-DAE open-form isomer that are presumably most

intense in XA. All orbitals as determined by the Slater transition-state method with

an excitation on the nitrogen atom on the left-hand side are depicted.

(a) LUMO (398.1 eV);

(b) LUMO+4 (400.0 eV);

(c) superposition of the excitations at 399.3, 399.5, and 400.0 eV;

(d) LUMO+8 (400.9 eV)
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Figure S3. Orbitals of the T-DAE closed-form isomers that are presumably most

intense in XA. All orbitals as determined by the Slater transition-state method with

an excitation on the nitrogen atom on the left-hand side are depicted.

(a), (b): ring-closed isomer with methyl groups in trans configuration, with (a) LUMO

(397.8 eV), (b) LUMO+1 (398.7 eV);

(c), (d): ring-closed isomer with methyl groups in cis configuration, with (c) LUMO

(397.8 eV), (d) LUMO+1 (398.6 eV);

(e), (f): by-product, with (e) LUMO (397.8 eV), (f) LUMO+1 (398.9 eV).
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S2. T-DAE on Bi(111)

S2.1. XA of T-DAE on Bi(111)

Figure S4. Polarization-dependent T-DAE XA after evaporation onto Bi(111) at

T = 200 K (pristine, shown in black). After illumination, the peaks shift to lower

absorption energies (shown in red).

T-DAE on Bi(111) has been investigated in the same way as on HOPG. Figure S4

presents the polarization-dependent XA of a submonolayer at T = 200 K before and

after ”broadband” light illumination for 208 min. In black the XA before and in red

color the XA after the switching process are shown. The average orientation of the

molecules on the Bi(111) surface changes from 43(1)◦ to 38(1)◦ between the molecules

and the surface plane. The change in angle is the same as on the HOPG surface, but

with a bit steeper angle before and after illumination. Also the peak positions are

the same, with 398.1 eV before switching and 397.8 eV after switching. Figure S5

shows the time evolution of the first π∗ resonances of the N K absorption edge recorded

with p-polarized light. The time constant of τ = 66.2(8) min is essentially the same

as for the switching on graphite. This leads again to the same low cross-section of

σeff = (φτ)−1 = 1.3(2) · 10−22 cm2. The time dependence of the switching is therefore

very much the same as on HOPG in the main paper (figures 3 and 4). The error in the

determination of the cross-section is dominated by the uncertainties in the flux density

due to different alignments of the illumination setup on the UHV chamber.

In contrast to the HOPG surface, the polarization dependence of the carbon K
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Figure S5. Measurements of the N K XA of T-DAE on Bi(111) by p-polarized light

under 20◦ incidence with in-situ illumination by the described illumination setup. The

spectra are shown for 208 minutes illumination.
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Figure S6. Prefactor of each spectrum for the linear combination of first and last

spectrum from figure S5. A prefactor of 0 means no contribution from the switched

closed form isomer and at a prefactor of 1, mainly the closed-form isomer is present.
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edge absorption signal of the molecules can also be identified by XA. In figure S7, the

carbon XA (a) before and (b) after illumination is shown in analogy to the nitrogen

XA in figure S4. Due to low x-ray intensity (originating from beamline contamination)

and several changes on the carbon XA, a determination of molecule angles or direct

comparison to DFT results is not useful.
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Figure S7. XA on the carbon K edge. (a) before illumination and (b) after

illumination by the broadband light.
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S2.2. XPS of T-DAE on Bi(111)

XPS of the S 2p photoelectrons of T-DAE on the Bi(111) surface was performed with an

excitation energy of 260 eV. Unfortunately, the Bi 4f5/2 peak at 162.3 eV is overlapping

with the sulfur signal coming from the molecules. Nonetheless, before switching, one

distinct species with a 2p3/2 peak at 164.5 eV is identifiable. This is shown in the top

left panel of figure S8 for the pristine sample. Subsequently, in-situ illumination by

”UV” light (as described in the Methods section in the paper) in XPS position was

performed. The energy of the sulfur doublet from the pristine sample was kept fixed

during the fit while its amplitude was treated as a free parameter. Fitting the newly

emerging component of a sulfur species with its S 2p3/2 peak at 163.8 eV enables to

monitor the time dependence of the switching as well during the XPS measurements.

Of course, by doing that, one ignores the contribution of a possible third species as it was

observed on HOPG. This potential contribution is obscured by the 162.3 eV bismuth

peak. Compared to HOPG, the pristine T-DAE sulfur binding energies are shifted by

0.6 eV to higher binding energies. The species, emerging with UV illumination, is as

well shifted by 0.5 eV in the same direction such that the relative shift is very similar

to the one measured on HOPG. This points again towards a very similar behaviour of

T-DAE on HOPG and Bi(111).

Evaluation of the time dependence of the conversion of T-DAE from the XP

measurements shown in figure S8 is possible by the determination of the areas of all

observed species. A complete transfer of the area of the peak of the pristine species

to the one of the new emerging species is assigned to a completely switching sample.

The first seven panels are plotted in figure S9 and fitted by a simple exponential model.

The data is well described by the fit yielding an extrapolated saturation of switched

molecules of 68(1)%. This is very close to the value of 64(1)% as seen on HOPG and

points towards the existence of a third sulfur species, again at lower binding energies.

The time constant for this switching process is τ = 33(1) min. Together with the

reduced photon flux for the ”UV” illumination, this leads to an effective cross section

of σeff = (φτ)−1 = 2.1(2) · 10−21 cm2, which is one order of magnitude higher than the

one of the illuminations with the ”broadband” light, indicating that the ring-closure of

T-DAE is probably triggered by UV light only. It is not clear why the switching under

”UV” illumination is faster on the absolute time scale. The most likely explanation is a

different alignment of the light source, but the possibility of a back reaction cannot be

fully excluded for the case of ”broadband” illumination.

XPS in the last panel on the bottom right is taken at a completely virgin (no

previous x-ray illumination) and long-time UV-illuminated position on the sample. The

amount of switched molecules with 92(1)% does not fit anymore to the time-dependence

presented in figure S9. This can be explained by the formation of the third sulfur species

by x-ray radiation and indicates that all of the molecules can perform a ring-closure.

The third species of sulfur does not contribute to the fraction of closed form isomers in

case of the fitting for the figure S6. It is not possible to determine if there is a third
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sulfur species present on the Bi(111) surface. In case there is not, it would probably

lead to a completely switched T-DAE molecule layer on the surface.
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Figure S8. XPS for different ”UV” illumination times of T-DAE on Bi(111). The

last panel on the bottom right shows the XPS on a fresh and nearly saturated sample

position.
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Figure S9. Percentage of area of the closed-form T-DAE determined from figure

S8. 100% of switched molecules corresponds to a complete transfer of the area of the

S 2p3/2 peak at 164.5 eV to the sulfur species with the S 2p3/2 peak at 163.8 eV.
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S2.3. Comparison to StoBe simulations

Figure S10 shows the comparison of the measurements before and after switching of the

nitrogen XA with the theoretical simulations using the StoBe code. The simulations

are the same as shown in the article but on a larger energy scale. Panel (a) shows the

isotropic absorption of T-DAE on the Bi(111) surface. Panel (b) presents the simulation

of the open-form T-DAE, which shows a very good accordance to the adsorbed molecule.

Below are the shown: (c) experimental data of T-DAE after 208 min ”broadband”

illumination, (d), (e), (f), simulations for gas phase isomers in trans, cis, and by-product

conformation, respectively.
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Figure S10. Comparison of the N K edge XA on Bi(111): both top panels give the

pristine nitrogen XA (a) and the simulated one of the corresponding open-form isomer

(b). Below is the T-DAE XA on Bi(111) after switching (c) and simulations for three

possible isomers (d), (e), (f), as shown in the insets.
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Photochromic molecular switches immobilized by direct contact with surfaces 
typically show only weak response to optical excitation, which often is not 
reversible. In contrast, here, it is shown that a complete and reversible ring-
opening and ring-closing reaction of submonolayers of spironaphthopyran on 
the Bi(111) surface is possible. The ring opening to the merocyanine isomer 
is initiated by ultraviolet light. Switching occurs in a two-step process, in 
which after optical excitation, an energy barrier needs to be overcome to con-
vert to the merocyanine form. This leads to a strong temperature dependence 
of the conversion efficiency. Switching of the merocyanine isomer back to the 
closed form is achieved by a temperature increase. Thus, the process can be 
repeated in a fully reversible manner, in contrast to previously studied nitro-
spiropyran molecules on surfaces. This is attributed to the destabilization 
of the merocyanine isomer by the electron-donating nature of the naphtho 
group and the reduced van der Waals interaction of the Bi(111) surface. The 
result shows that molecules designed for switching in solutions need to be 
modified to function in direct contact with a surface.
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that are designed to show a certain func-
tionality in solution may lose this property 
if they are adsorbed on a surface. Several 
reasons can be identified as the cause for 
a quenching of their switching behavior 
in contact with a surface: A chemical reac-
tion with the substrate may take place that 
changes the molecular properties;[12] the 
lifetime of the excited state reached by the 
stimulus may be reduced on the surface 
due to additional de-excitation channels;[13] 
the interaction with the surface may shift 
total energies and result in a destabiliza-
tion of one of the two metastable ground 
states.[14] Especially in densely packed 
molecular layers, steric hindrance and 
intermolecular interaction are additional 
causes for suppression of switching 
functionality.

Spiropyran (SP) is a molecular switch 
that can be controlled by light. It under-
goes a ring opening reaction to its mero-

cyanine (MC) form upon UV light exposure. The initial SP 
state can be restored by visible light or thermal activation, as 
illustrated in Figure 1a. The ring-opening reaction is accom-
panied by a change in electronic conjugation, which can be 
used to switch the electrical conductance. The strong differ-
ence between the electric dipole moments of the two molecular 
states is useful, for example, to optically control the electrostatic 
properties of a surface.[15] The ring-opening from SP to MC and 
the ring-closing back reaction are widely investigated in solu-
tions,[16–21] but a reversible switching of SP molecules in direct 
contact with solid surfaces has not yet been achieved. Switching 
was only reported in nanometer-thick films of SP containing a 
nitro group on MgO(100)[22] and in self-assembled molecules on 
nanoparticles.[23,24] Directly adsorbed submonolayers (sub-MLs) 
on Au(111) showed ground-state energies that are reversed 
compared with solution.[14] The MC state is thereby stabilized 
by the formation of an image dipole at the surface, increased 
van der Waals interaction due to its planar geometry, and the 
formation of molecular dimers by hydrogen bonds. Heating 
above room temperature led to a thermally activated, irrevers-
ible transition from the SP to the MC state.[14] On Bi(110), a 
light-induced ring opening of SP has been observed but no 
thermal- or light-induced back reaction could be shown.[25] 
Here, we investigate sub-MLs of a spironaphthopyran (SNP, 
see Figure 1a) on Bi(111). Compared with the former experi-
ments, the electron-withdrawing nitro group is replaced by an 
electron-donating naphtho group in order to destabilize the MC 

Monolayers

1. Introduction

Molecules that can be switched by external stimuli in a revers-
ible manner have attracted tremendous scientific interest since 
they allow for the manipulation of materials on the nanoscale. 
In biological systems, they are crucial for the realization of 
complex functions like, e.g., sight[1] or cell regulation.[2] Over 
the last century, chemists have designed many molecules that 
can, for example, switch their conformation,[3] electric dipole 
moment,[4] magnetic moment,[5] conductance,[6,7] or trigger 
a unidirectional motion in molecular machines.[8,9] If such 
molecular switches are used to represent information, they 
have the potential to boost the density in data storage or infor-
mation processing.[10,11] To use individual switchable molecules 
as functional units of data storage or processing devices, they 
need to be immobilized and contacted. This requires to bring 
the molecules into contact with a surface. However, molecules 
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state. To reduce van der Waals interaction, we use a semime-
tallic Bi(111) substrate that, compared with metal substrates 
like Au(111) or Cu(111), exhibits a low density of states at the 
Fermi level.[26–28] Both effects are suitable to counteract the 
surface-induced stabilization of the MC state that was found 
by previous studies.[14,29] With these modifications, we achieve 
a virtually complete and fully reversible switching of SNP in 
direct contact with a Bi(111) surface. Illumination with UV 
light at a temperature of 200 K induces the transition from SNP 
to MC. Heating up to 245 K fully resets the SNP state.

2. Results and Discussion

2.1. Adsorption

To investigate the isomerization of the SP derivate, X-ray absorp-
tion (XA) measurements at the N and O K edges were performed. 

For the former, the results are shown in Figure 1b for an iso-
tropic absorption measured at the magic angle (54.7°), at which 
the influence of the orientation of the molecules on the spectra 
cancels. O K edge XA can be found in the Supporting Informa-
tion. Figure 1b shows the N K XA of 0.69 MLs of SNP at a sample 
temperature of 200 K on the Bi(111) surface directly after deposi-
tion. A weak π* absorption at 401.5 eV and a broad absorption 
maximum at 404.5 eV originating from σ* states are present. 
Density functional theory (DFT) calculations of the absorption 
spectrum of the free gas phase SNP molecule shown in panel c 
agree well with the spectrum of the pristine form. The simula-
tions were performed by means of the StoBe code,[30] which has 
been successfully applied to a variety of molecules.[12,14,31] Further 
details are presented in the Supporting Information. The ener-
getic distance between the most intense π* absorption and the 
σ* maximum matches quite well to the experiment as well as the 
ratio of their intensities. A significant accordance in line shape 
between experiment and theory for the SP form is reached.

2.2. UV-Induced Ring-Opening Reaction

The ring-opening reaction was monitored at the N K edge. For 
the light-induced isomerization, the UV LED was used which 
illuminated the sample continuously for about 90 min with an 
initial temperature of 194 K (cf. Supporting Information), until 
no further change in the spectrum was observed. The resulting 
isotropic XA at the nitrogen K edge is shown in Figure 1d. A 
clear difference to the pristine spectrum is present. The most 
significant change is the new π* absorption peak at 400.0 eV. 
The spectral shape is similar to that of a MC derivative with a 
nitro group on the Au(111) surface after irreversible temperature-
induced isomerization.[14] The simulated spectrum of free MC in 
Figure 1e with carbon bonds in trans–trans–cis (TTC) isomeri-
zation is in good agreement with the experimental spectrum. 
Theory clearly reproduces the shift of the first π* resonance from 
SNP to MC. The overall line shape of the spectrum also agrees, 
except for the second π* resonance that appears stronger in the 
simulation. This is likely caused by the absence of a surface in 
the calculation and has been seen in many systems before.[12,14,32]

There are two indicators that all of the SNP molecules 
undergo switching and contribute to the spectral changes 
shown in Figure 1d. One is the very low interaction of SNP with 
the Bi(111) surface that even leads to desorption of the mole-
cules above room temperature. The second is that the observed 
intensity ratio of the 400.0 eV peak to the maximum of the σ* 
resonances around 406.0 eV is even higher than for the theo-
retical simulations of the free MC molecule shown in Figure 1e.

In literature, a similar isomerization has also been reported 
for nitro-SP on the Bi(110) surface.[25] In contrast to,[25] we excite 
the molecule with a wavelength that lies in the typical absorp-
tion band in solution[18,21] and such reach a larger amount of 
switched molecules with a higher effective cross-section, as will 
be discussed in the context of the activation barriers.

2.3. Reversibility

After UV illumination, the MC configuration can be switched 
back to SNP in a reversible manner. Figure 2 shows N K XA 
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Figure 1.  a) Sketches of the spironaphthopyran (SNP, left) and merocya-
nine isomer (MC, right, in a TTC-configuration) molecules. Isomerization 
in solution from SNP to MC can be triggered by UV light and vice versa by 
visible light or temperature. b) Measurement of the N K XA of a sub-ML 
SNP on Bi(111) recorded at the magic angle, c) simulation of N K XA of 
free SNP by means of the StoBe code, d) N K absorption spectrum after 
the illumination of the sample by a UV LED for 90 min at 194 K, e) simula-
tion of the N K XA signal of free MC.
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spectra measured with p-polarized light under 20° angle of inci-
dence. SNP is present at 196 K after evaporation (black line). 
Upon UV illumination for 1 h 47 min at an initial temperature 
of 196 K, it is switched to MC (blue line). Heating up to 245 K 
leads to a relaxation of the molecules, and the XA spectrum 
(red line) matches very well the one of the freshly evaporated 
molecules. No molecules are blocked in the MC configuration 
and fully reversible switching is possible.

2.4. Activation Barriers

In order to get a more detailed and quantitative view of the 
photoisomerization mechanism of SNP on Bi(111), several illu-
mination series were carried out. Measurements at different 
initial temperatures, using the same optical photon flux, offer 
the possibility to determine energy barriers. During illumina-
tion, consecutive measurements of the N K edge in 20° grazing 
incidence with p-polarized X-rays were taken. The grazing-
incidence spectra have a stronger signal at the 400.0 eV π* 
resonance compared with the magic-angle-incidence due to the 
orientation of the SNP on the surface. Further details on the 
angle-resolved measurements are briefly discussed in the Sup-
porting Information.

The peak area of the 400 eV-peak was determined by inte-
grating from 399.4 to 400.3 eV for each of the spectra after 
background correction by subtracting the signal of the pristine 
SNP state. This peak area is directly proportional to the fraction 
of MC molecules present on the surface, since the SNP isomer 
has no XA at this energy. The result of three illumination series 
is shown in Figure 3a. After each series, the molecules were 
switched back to the MC configuration by heating up to 245 K 
and waiting for thermal relaxation as shown in Figure 2. The 
saturation fraction of MC strongly depends on the temperature, 
leading to the conclusion that a thermal back reaction must take 
place. Not only the saturation is changing, but also the speed of 
the switching process. At higher temperature (223 K, ■), satu-
ration was achieved after nearly 1000 s, whereas for 184 K (▲), 

saturation is still not achieved after more than 5000 s. Meas-
urements of the saturated fraction of switched molecules under 
UV illumination as a function of temperature are shown in 
Figure 3b. Here, the amount of MC has been saturated at lower 
temperatures using the UV LED and then the temperature was 
increased step-by-step under continuing illumination.

A scheme of a potential energy landscape is shown in 
Figure 4. It includes three different energy barrier heights in 
the ground state to explain the temperature dependence of the 
switching rates and the fraction of MC in saturation as meas-
ured in the experiment. The model assumes an intermediate 
state in the ground state after ring opening by UV excitation. 
From this state, ES,2 needs to be overcome to reach the meta-
stable MC configuration. ES,1 describes the barrier from the 
intermediate state to the SNP configuration and has to be 
sufficiently small since we have observed no signature of an 
intermediate state by XA at lower temperatures. The barrier 
EG needs to be overcome to switch from the MC configuration 
back to SNP and describes the thermal relaxation. The coexist-
ence of these three energy barriers leads to different photo- and 
thermostationary states.
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Figure 3.  a) Evaluation of the peak area of the resonance at 400.0 eV as 
a function of the UV illumination time. Three different series were taken 
at initial sample temperatures of 184, 207, and 223 K. b) Temperature-
dependent evaluation of the MC saturation during UV illumination from 
the 400.0 eV peak area. The temperature has been corrected by an offset 
due to heating by the UV LED (see Supporting Information). The same 
sample as for (a) was used and both data sets were fitted simultaneously 
to the model to obtain a well-defined set of parameters.
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In terms of rate equations, these observations can be 
expressed by a differential equation for the fraction χMC of MC 
molecules as

d
dt

1MC
MC MC SNP MC SNP MCk k

χ χ χ )(= − + −→ →
	 (1)

kSNP→MC and kMC→SNP are the rates for both isomerization 
directions, independent of their mechanism. In such a two-
state model, the transient states, i.e., the excited state and the 
intermediate state, are not included explicitly assuming that 
the life times are small and their populations negligible. The 
temperature dependence of the two switching rates is described 
by using Arrhenius equations and derived in the Supporting 
Information as
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Here, σ(λ) is the cross-section of one SNP molecule 
absorbing a photon, φUV is the photon flux density of the UV 
LED, and Φ1 is the quantum yield of the excited state to relax 
to the intermediate state after photoabsorption. AG is a preex-
ponential factor that depends on the vibrational freedom of the 
MC molecules, and ΔES = ES,2−ES,1 is the difference of the bar-
riers confining the intermediate state. Full rate equations for a 
four-state model and the derivation of the rates in the effective 
two-state model are given in the Supporting Information.

To fit simultaneously the data from Figure 3a,b, the differ-
ential Equation (1) is evaluated using the prefactors AG and 
kS = σ(λ)φUVΦ1, the difference of the energy barriers of the 
intermediate state ΔES and the energy barrier EG together with 
a common scaling factor as fitting parameters. Due to heating 
by the LED, the temperature of the sample is time dependent 

during UV illumination, which has been included as T = T0 + 
ΔT (1 − e−t/τ), with ΔT = 9.46(1) K, τ = 147(1) s, and T0 the ini-
tial sample temperature (cf. Supporting Information). For the 

photo- and thermostationary state (Figure 3b), d
dt

MCχ  was set to 

0 in Equation (1) and solved for constant temperature given as 

T0 + ΔT. Values of EG = 79(2) kJ mol−1, ΔES = 16(2) kJ mol−1,  
AG = 1015.4(4) s−1, and kS = 7(2) s−1 are determined. The fit identifies 
the photo- and thermostationary states as 38(1)%, 88(1)%, and 
99(1)% for initial sample temperatures of 223, 207, and 184 K,  
respectively.

The activation energy EG = 79(2) kJ mol−1 for the thermal 
relaxation from MC to SNP is slightly higher than the activa-
tion energy of the same compound in polar solutions such 
as ethanol (75 kJ mol−1).[18] For less polar solvents such as 
methylcyclohexane the activation energy is lower, being around 
65 kJ mol−1.[18]

The preexponential factor on Bi(111) of AG = 1015.4(4) s−1 is 
as well slightly higher than the preexponential factor for polar 
solvents and even higher than for weakly polar solvents.[18] 
Temperature-dependent experiments have shown that nitro-
SP is more stable in its MC configuration on Au(111) and 
Bi(110).[14,25] The activation energy of SNP on Bi(111) is rather 
high compared with solutions, but still low enough to have 
a thermal relaxation of the molecule at temperatures above 
245 K.

Directly after breaking the SNP CO bond by UV excitation, 
the indole and naphthopyran moieties of the open molecule 
are still perpendicular to each other. The cleavage of the CO 
bond was found to be ultrafast, faster than 100 fs, afterward the 
bond can be reformed within 180 fs or a transition from near-
perpendicular configuration to the planar MC state can occur 
within several picoseconds.[33] This has been extensively studied 
in solution by time-resolved UV–vis spectroscopy to deter-
mine possible pathways for the isomerization processes.[18,33,34] 
Studies using ultrafast pump–probe experiments on SPs found 
no temperature dependence of the quantum yield from the 
excited state to the intermediate state,[33,35] showing that in 
solution no barrier is present in the excited state. We propose a 
similar mechanism here. However, on the basis of our data, we 
cannot exclude the possibility of a barrier in the excited state. The 
proposed rate equation does not rely on a barrier in the ground 
state. A barrier in the excited state would lead to a rate equation 
similar to Equation (1). Results from theoretical work[34,36] and 
time-resolved spectroscopy[18,35] indicate that after ring opening, 
the molecules are present in a cis-isomerized intermediate state. 
Accordingly, the perpendicularly oriented MC isomer directly 
after photoexcitation needs to undergo an unfolding process to a 
planar TTC configuration. Such a process may be supported by 
the presence of a surface since a planar MC configuration maxi-
mizes van der Waals interactions. For the switching from SNP 
to MC on the Bi(111) surface, the experimentally determined 
energy barrier difference is ΔES = 16(2) kJ mol−1. This is of the 
same order of magnitude as the energy barrier seen for various 
SPs in solution, which is attributed to the unfolding of the per-
pendicularly oriented rings of the molecule after ring opening to 
a metastable MC configuration.[34,35]

The conversion efficiency to reach the photo- and ther-
mostationary state in Figure 3a is temperature-dependent 
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and varies with time constants from 2500(150) to 260(30) s 
for the switching series with initial temperatures of 184 and 
223 K, respectively. Switching at an initial temperature of 
223 K is therefore efficient with an effective cross-section of 
σeff = (φτ)−1 = 1.1(3) × 10−20 cm2 and φ being the photon flux 
density of the UV LED of 3.5(8) × 1015 photons s−1 mm−2. 
This is more than one order higher than for the light-induced 
ring opening of a nitro-SP on Bi(110).[25] The cross-section of 
the photoisomerization of an azobenzene derivate in a ML on 
the same Bi(111) surface[37] is found as 3.4(3) × 10−23 cm2 and 
therefore even much lower than for the ring opening of SP. 
Switching of SNP on Bi(111) is thus efficient, compared with 
other photochromic molecules on surfaces. On the other hand, 
even when considering that the light intensity is reduced by 
more than a factor of 2 in the proximity of the surface[38] due to 
the superposition of the incoming and reflected light wave, the 
effective cross-section is still orders of magnitude smaller than 
in solution, where it is around 10−16 cm2.[18,20] This indicates 
that there exists a variety of relaxation channels of the photo-
excited molecule or that through, e.g., van der Waals interac-
tion the degree of freedom on the surface is reduced and the 
quantum yield of the conversion is lowered.

3. Conclusion

Using in situ XA spectroscopy, we have demonstrated a revers-
ible switching of SNP molecules in contact with a bismuth 
surface. Irradiation with UV light switches the molecules 
from SNP to its MC isomer. This reaction has a high cross-
section compared with similar experiments on surfaces. For 
the photoswitching from the SNP to the MC isomer, a temper-
ature-dependent quantum yield is found, leading to a higher 
switching efficiency at higher temperatures, since at lower tem-
peratures the excited molecules relax more likely back to SNP 
after UV excitation. The thermal kinetics reveals that the energy 
barrier in the ground state, responsible for the bistability of the 
molecules in solution, is preserved on the surface with a height 
of 79(2) kJ mol−1. This is important for the reversibility of the 
process, since an unfavorably stabilized MC isomer, which was 
previously observed on surfaces, suppresses the ring-closing 
back reaction. In our case, the back reaction can be triggered 
by a temperature increase. Molecular functional units for infor-
mation processing need to possess bistability, addressability, 
and reversible switching controlled by external stimuli. Mol-
ecules that have been designed to switch well in solution, how-
ever, may not provide these properties on a surface. They thus 
need to be redesigned, for example, by tuning of molecular end 
groups, taking into account the interaction with the particular 
surface.

4. Experimental Section
All experiments and sample preparations were carried out in situ 
in an ultrahigh vacuum (UHV) system with a base pressure of 
p = 8 × 10−10 mbar. The Bi(111) single crystal has been prepared by 
repeated sputtering-annealing cycles. Sputtering with Ar+ ions of 600 eV 
and annealing at 350 K were carried out until no contamination of the 
surface was present in X-ray photoelectron spectra, and sharp LEED 

patterns were observed. XA measurements were performed by using 
linearly p-polarized X-rays of the undulator beamline UE56/2-PGM2 at 
BESSY II of the Helmholtz-Zentrum Berlin. The degree of polarization 
was about 99%. The incidence angle between the X-ray wave vector 
and the surface was set to 54.7° for magic angle measurements and 
20° for grazing angle measurements, respectively. Absorption spectra 
were acquired by the total electron yield method, measuring the sample 
drain current as a function of X-ray photon energy. A freshly prepared 
gold grid upstream the experiment, and measurements of the clean 
Bi(111) substrate were used for normalization of the signal. To reduce 
possible defragmentation of the molecules by the X-rays, the UHV 
chamber was moved out of the focus of the X-ray beam to minimize the 
X-ray flux density, and the exposure time was kept as short as possible. 
Subsequent measurements of the same XA spectrum did not show any 
visible changes in neither of the isomerization states in a reasonable 
experimentation time. Furthermore, the measurement spot was moved 
on the sample surface for different experiments to obtain identical 
conditions.

In all experiments, 1,3,3-trimethylindolino-β-naphthopyrylospiran 
molecules (spironaphthopyran, SNP, purchased from TCI Europe) were 
evaporated directly onto the substrate kept in UHV. The molecules were 
evaporated at a temperature of 380 K from a tantalum Knudsen cell 
and deposited onto the substrate held at temperatures around 200 K 
to avoid thermal desorption from the surface. The deposition rate was 
monitored by a quartz microbalance and calibrated by the total carbon 
K edge XA signal. A reference measurement had been performed with 
continuous evaporation of the same molecule onto a Bi(111) substrate 
held at room temperature. The exponential saturation of the carbon 
K edge jump observed at room temperature had been assigned to a 
completely saturated ML. Samples with a sub-ML coverage of 0.56(5) 
ML were used for the determination of the energy barriers (Figure 3), 
0.64(5) ML for the reversible switching (Figure 2), and 0.69(5) ML for 
the comparison with simulations (Figure 1).

Illumination of the samples was performed in the measurement 
position by different LEDs. In order to collimate the LED light, a coated 
aspherical lens was used with a focal length of 32 mm. A 300 mm 
spherical lens was mounted in front of a fused silica window on the 
chamber (transmission > 90%). UV illumination was performed with a 
wavelength of λ = 365 nm and a full width at half-maximum of 7.5 nm. 
The approximate spot size of the light on the sample was 5 × 7 mm2. By 
means of a power meter, the photon flux density at the sample position 
was determined as φUV = 3.5(8) × 1015 photons s−1 mm−2. The initial 
sample temperatures during synchrotron-radiation experiments were 
measured on the sample holder and not directly on the sample. During 
illumination, these temperatures were lower than the temperature 
on the crystal. To identify the real sample temperature, a calibration 
measurement with a thermocouple glued to the bismuth crystal had 
been performed. A temperature increase of 9.46(1) K with a time 
constant of 147(1) s for the UV illumination had been determined. The 
data are presented in the Supporting Information. This time-dependent 
temperature had been taken into account when fitting the model to the 
UV illumination data.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.

Acknowledgements
Financial support by the DFG through Sfb 658 is gratefully 
acknowledged. L.M.A. received funding from CAPES (No. 9469/13-3). 
The authors thank P. Chittas and S. Wrzalek for their support during the 
beamtimes. The authors thank the HZB for the allocation of synchrotron 
radiation beamtime and B. Zada and W. Mahler for their technical 

Adv. Funct. Mater. 2017, 27, 1702280

71



www.afm-journal.dewww.advancedsciencenews.com

1702280  (6 of 6) © 2017 WILEY-VCH Verlag GmbH & Co. KGaA, WeinheimAdv. Funct. Mater. 2017, 27, 1702280

support during the measurements at BESSY II. The authors gratefully 
acknowledge the computing time on the high-performance cluster of 
the Zentraleinrichtung für Datenverarbeitung (ZEDAT) at the Freie 
Universität Berlin.

Conflict of Interest
The authors declare no conflict of interest.

Keywords
molecular switches, photochromism, spiropyran, surfaces, X-ray 
absorption spectroscopy

Received: April 28, 2017
Revised: August 25, 2017

Published online: November 6, 2017

[1]	 R. R. Rando, Angew. Chem., Int. Ed. 1990, 29, 461.
[2]	 C.  Li, K.  Wurst, S.  Jockusch, K.  Gruber, M.  Podewitz, K. R.  Liedl, 

B. Kräutler, Angew. Chem., Int. Ed. 2016, 55, 15760.
[3]	 T.  Hugel, N. B.  Holland, A.  Cattani, L.  Moroder, M.  Seitz,  

H. E. Gaub, Science 2002, 296, 1103.
[4]	 M.  Elbahri, A. U.  Zillohu, B.  Gothe, M. K.  Hedayati, R.  Abdelaziz, 

H. J.  El-Khozondar, M.  Bawa’aneh, M.  Abdelaziz, A.  Lavrinenko, 
S. Zhukovsky, S. Homaeigohar, Light: Sci. Appl. 2015, 4, e316.

[5]	 L. Bogani, W. Wernsdorfer, Nat. Mater. 2008, 7, 179.
[6]	 A. H.  Flood, J. F.  Stoddart, D. W.  Steuerman, J. R.  Heath, Science 

2004, 306, 2055.
[7]	 M.  del Valle, R.  Gutíerrez, C.  Tejedor, G.  Cuniberti, Nat. Nano-

technol. 2007, 2, 176.
[8]	 G.  Ragazzon, M.  Baroncini, S.  Silvi, M.  Venturi, A.  Credi, Nat. 

Nanotechnol. 2015, 10, 70.
[9]	 A. Saywell, A. Bakker, J. Mielke, T. Kumagai, M. Wolf, V. García-López, 

P.-T. Chiang, J. M. Tour, L. Grill, ACS Nano 2016, 10, 10945.
[10]	 J. E.  Green, J.  Wook Choi, A.  Boukai, Y.  Bunimovich, 

E.  Johnston-Halperin, E.  DeIonno, Y.  Luo, B. A.  Sheriff, K.  Xu, 
Y. Shik Shin, H.-R. Tseng, J. F. Stoddart, J. R. Heath, Nature 2007, 
445, 414.

[11]	 C. P.  Collier, E. W.  Wong, M.  Belohradský, F. M.  Raymo, 
J. F. Stoddart, P. J. Kuekes, R. S. Williams, J. R. Heath, Science 1999, 
285, 391.

[12]	 M. Piantek, J. Miguel, A. Krüger, C. Navío, M. Bernien, D. K. Ball, 
K. Hermann, W. Kuch, J. Phys. Chem. C 2009, 113, 20307.

[13]	 C.-Q. Wu, J.-X. Li, D.-H. Lee, Phys. Rev. Lett. 2007, 99, 038302.
[14]	 M. Piantek, G. Schulze, M. Koch, K. J. Franke, F. Leyssner, A. Krüger, 

C.  Navío, J.  Miguel, M.  Bernien, M.  Wolf, W.  Kuch, P.  Tegeder,  
J. I. Pascual, J. Am. Chem. Soc. 2009, 131, 12729.

[15]	 Q. Shen, Y. Cao, S. Liu, M. L. Steigerwald, X. Guo, J. Phys. Chem. C 
2009, 113, 10807.

[16]	 E.  Pottier, R.  Dubest, R.  Guglielmetti, P.  Tardieu, A.  Kellmann, 
F. Tfibel, P. Levoir, J. Aubard, Helv. Chim. Acta 1990, 73, 303.

[17]	 A. K. Chibisov, H. Görner, J. Phys. Chem. A 1997, 101, 4305.
[18]	 A. K. Chibisov, H. Görner, Phys. Chem. Chem. Phys. 2001, 3, 424.
[19]	 H. Görner, Chem. Phys. 1997, 222, 315.
[20]	 H. Görner, Phys. Chem. Chem. Phys. 2001, 3, 416.
[21]	 N. A.  Voloshin, A. V.  Chernyshev, A. V.  Metelitsa, I. M.  Raskita,  

E. N. Voloshina, V. I. Minkin, Russ. Chem. Bull. 2005, 54, 705.
[22]	 M.  Karcher, C.  Rüdt, C.  Elsäßer, P.  Fumagalli, J. Appl. Phys. 2007, 

102, 084904.
[23]	 P. K.  Kundu, D.  Samanta, R.  Leizrowice, B.  Margulis, H.  Zhao, 

M.  Börner, T.  Udayabhaskararao, D.  Manna, R.  Klajn, Nat. Chem. 
2015, 7, 646.

[24]	 P. K. Kundu, S. Das, J. Ahrens, R. Klajn, Nanoscale 2016, 8, 19280.
[25]	 G.  Schulze, K. J.  Franke, J. I.  Pascual, Phys. Rev. Lett. 2012, 109, 

026102.
[26]	 C. R. Ast, H. Höchst, Phys. Rev. Lett. 2001, 87, 177602.
[27]	 P. Hofmann, Prog. Surf. Sci. 2006, 81, 191.
[28]	 S. Xiao, D. Wei, X. Jin, Phys. Rev. Lett. 2012, 109, 166805.
[29]	 C.  Bronner, G.  Schulze, K. J.  Franke, J. I.  Pascual, P.  Tegeder,  

J. Phys.: Condens. Matter 2011, 23, 484005.
[30]	 K. Hermann, L. G. M. Pettersson, M. Casida, C. Daul, A. Goursot, 

Koester, E.  Proynov, A.  St-Amant, D. R.  Salahub, StoBe-deMon,  
version 3.3, Fritz-Haber-Institut (Berlin, Germany) 2014.

[31]	 C. S.  Guo, L.  Sun, K.  Hermann, C. F.  Hermanns, M.  Bernien, 
W. Kuch, J. Chem. Phys. 2012, 137, 194703.

[32]	 C.  Kolczewski, F. J.  Williams, R. L.  Cropley, O. P. H.  Vaughan,  
A. J. Urquhart, M. S. Tikhov, R. M. Lambert, K. Hermann, J. Chem. 
Phys. 2006, 125, 034701.

[33]	 J. Z.  Zhang, B. J.  Schwartz, J. C.  King, C. B.  Harris, J. Am. Chem. 
Soc. 1992, 114, 10921.

[34]	 S. Prager, I. Burghardt, A. Dreuw, J. Phys. Chem. A 2014, 118, 1339.
[35]	 N. P. Ernsting, T. Arthen-Engeland, J. Phys. Chem. 1991, 95, 5502.
[36]	 F. Liu, K. Morokuma, J. Am. Chem. Soc. 2013, 135, 10693.
[37]	 C. Bronner, P. Tegeder, New J. Phys. 2014, 16, 053004.
[38]	 H.-J. Hagemann, W. Gudat, C. Kunz, J. Opt. Soc. Am. 1975, 65, 742.

72



Copyright WILEY-VCH Verlag GmbH & Co. KGaA, 69469 Weinheim, Germany, 2017.

Supporting Information

for Adv. Funct. Mater., DOI: 10.1002/adfm.201702280

Reversible Switching of Spiropyran Molecules in Direct
Contact With a Bi(111) Single Crystal Surface

Fabian Nickel, Matthias Bernien,* Kai Kraffert, Dennis
Krüger, Lucas M. Arruda, Lalminthang Kipgen, and Wolfgang
Kuch

73



Supporting Information

Reversible Switching of Spiropyran Molecules in

Direct Contact With a Bi(111) Single Crystal

Surface

Fabian Nickel, Matthias Bernien, Kai Kraffert, Dennis Krüger,
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S1 Details of the DFT Simulations

To obtain theoretical simulations of the K edge XA spectra, quantum chemical

calculations on a density functional theory (DFT) basis were performed. The

StoBe code package [1] was used, which has been successfully applied to a variety

of different molecules before, including spiropyran [2–4]. Consistency with Ref. 2

was preserved by doing a two-step geometry optimization for the electronic ground

states of both forms, the closed and the open form, of the spironaphthopyran

molecule. First, a calculation with a standard local spin density (LSD) exchange

functional [5] and an LSD correlation functional [6] was performed and the result
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taken for further optimization by a gradient-corrected RPBE (revised Perdew-

Burke-Ernzerhof) exchange correlation functional [7, 8]. All calculations have

been performed in a triple-zeta valence plus polarization (TZVP) basis set [9],

where one d function is added for carbon, nitrogen, and oxygen. For the sim-

ulation of K edge absorption spectra by the StoBe code, the Slater transition

state (TS) method is used [10, 11]. Core-excited states were calculated by an

IGLO-III [12] basis set on the center of excitation, and remaining atoms of the

same element were described by an effective core potential (ECP) [13]. On the

center of the excitation, a large diffuse [19s,19p,19d] basis set [14] was added in

the so-called double basis set technique to improve the description of excitations

to unbound states in the excited core region.

The spectra were shifted by 1.3 eV to lower energies to match the experimental

peaks. The discrete transitions below the ionization potential were broadened

with a full width at half maximum (FWHM) of 0.7 eV and 1.0 eV for N and O,

respectively. This broadening was linearly increased to 4.5 eV (for N) and 6 eV

(for O) up to an energy of 10 eV above the ionization potential and kept fixed

for higher photon energies.
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S2 XA and Simulation of the Oxygen K Edge

The simulation of the x-ray absorption of the oxygen atom in the SNP molecule

and the corresponding experimental spectra are shown in figure S1. Panels a)

and b) are the experimental and simulated spectra for the pristine SNP form,

respectively. As already presented for the nitrogen K edge, also these simulations

fit very well in peak ratio, position, and overall line shape. After switching, the

MC isomer is assumed to be present on the surface. The simulation proves this

as well, as shown in panel c) for the experiment and d) for the simulation of a

free MC.
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Figure S1: a) Measurement of the O K XA of a submonolayer SNP on Bi(111)
under the magic angle, b) simulation of O K XA of free SNP by means of the
StoBe code, c) O K absorption spectrum after the illumination of the sample by
a UV LED for 90 min at 194 K, d) simulation of the O K XA signal of free MC.
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S3 Angle-Resolved NEXAFS

Except for figure S3, all the spectra in the paper were taken under the magic angle

of incidence and are therefore not influenced by the orientation of the molecules.

Measuring with p-polarized light under 20◦ angle of incidence between surface

normal and E-field vector and with s-polarized light of the undulator beamline

leads to different excitation probabilities from the spherical 1s electron distribu-

tion to the unoccupied orbitals. Due to the lack of significant strong π∗ resonances

for the SNP molecule and the 3-dimensional nature of this molecule, it is not fea-

sible to determine the orientation of the molecule quantitatively. However, the

MC molecule is a nearly completely flat molecule and the first strong π∗ resonance

belongs to a conjugated orbital which spreads over the molecule. A determina-

tion of the average angle to the surface is therefore possible. The corresponding

transition orbital of MC in a TTC configuration, used in the Slater transition

state method, is shown in figure S2.

Figure S2: Transition orbital of the nitrogen 1s transistion state of MC (half filled
shell) in the StoBe code.

In figure S3 the polarization-resolved N K absorption spectra for SNP (upper

panel) and MC (lower panel) are shown. For the SP, no angle dependence is

present. This is due to the nature of the orthogonal arrangement of the moieties

of the SP, which is therefore likely to have a random distribution on the surface.

After the switching, the average tilt-angle of all MC molecules under azimuthal

integration [15] is determined to be 36(2)◦. It is reasonable that MC molecules
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are not completly flat-lying on the surface because of the corrugation of the

Bi(111) surface [16] as well as of the two out-of-plane oriented methyl groups of

the molecule.
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Figure S3: Angle-resolved XA measurements of the N K edge for a submonolayer
of SNP on Bi(111) at a sample temperature of 194 K. The upper panel is for the
pristine SNP before illumination. No angle dependence is present. After 90 min
illumination by a UV LED, most of the SNP are switched to MC and shown for
both polarizations in the lower panel. A clear polarization dependence is present
with an average angle of the molecules of 36(2)◦ to the surface.
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S4 Influence of the Illumination on the Sample

Temperature

During the XA measurements, the sample temperature has been monitored and

controlled by thermocouples on the sample holder. In thermal equilibrium this

temperature is identical to the one of the substrate. However, during illumina-

tion, differences can occur due to the strong light flux coming from the LED. To

give a precise temperature of the sample during LED illumination, a K-type ther-

mocouple has been glued directly to the side of the bismuth substrate after the

synchrotron-radiation experiments and the temperature increase with controlled

sample-holder temperature has been measured. Figure S4 shows the temperature

increase during illumination by the UV LED (left panel) and blue LED (right

panel). Simple exponential fits yield time constants of 147(1) s for the UV LED

and 144.8(5) s for the blue LED, respectively, and a saturated bismuth temper-

ature change of 9.46(1) K for UV and 24.9(1) K for blue light. These have been

used in the model described by equation (1) of the article to account for the

temperature increase due to illumination during the switching.
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Figure S4: Left panel: Temperature change of the bismuth crystal under illumi-
nation by the UV LED in measurement condition. Right panel: Temperature
change by the blue LED. The initial temperature was 194 K for both series.
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S5 Derivation of the Rate Equation

dχ1

dt
= −k1χ1 + k2χ2 + k4(T )χ3

dχ2

dt
= −k2χ2 − k3χ2 + k1χ1

dχ3

dt
= −k4(T )χ3 − k5(T )χ3 + k3χ2 + k6(T )χ4

dχ4

dt
= −k6(T )χ4 + k5(T )χ3

Figure S5: Scheme (left) and rate equations (right) for a four-state model with
the states χ1 as SNP ground state, χ2 as photo-excited state, χ3 as intermediate
state, χ4 as MC ground state. A Arrhenius temperature behavior is taken into
account for the rates k4, k5, and k6.

For a detailed view on the temperature dependence of the switching kinetics, a

four-state model is sketched in figure S5. The four different states, labeled χ1 as

SNP ground state, χ2 as photo-excited state, χ3 as intermediate state, χ4 as MC

ground state and the corresponding rate equations are included. The temperature

dependence of the rate constants k4, k5, and k6 is given by Arrhenius equations

as

k4(T ) = AS e−ES,1/(RT ), k5(T ) = AS e−ES,2/(RT ), k6(T ) = AG e−EG/(RT )

where AS and AG are the attempt frequencies in the switching and the MC ground

state, respectively. The energy barrier between the switching state and the SNP

state is ES,1. The energy barrier from the switching state to the MC state is

denoted as ES,2 and for the back reaction as EG.

The differential equations of this four-state model can be solved numerically

and it can be fitted to the experimental data. However, the fit would be under-

determined because the experimental data represents only the comparably slow

dynamics of the spiropyran and merocyanine states, whereas the fast dynamics

of the transient states is not accessible for this low coverages. It is instructive to
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convert the four-state model to an effective two-state model by assuming that the

dynamics of the two transient states is very fast and can be neglected on the time

scale of the experiment. This means that the occupations of the transient states

are negligible. The conversion is done by setting dχ2

dt
= 0 and dχ3

dt
= 0 together

with the initial conditions χ2(0) = 0 and χ3(0) = 0. We obtain:

dχ4

dt
= −k6(T )

k4(T )

k4(T ) + k5(T )
χ4 + k1

k3
k2 + k3

k5(T )

k4(T ) + k5(T )
χ1

= −AG e−EG/(RT )
1

1 + e(ES,1−ES,2)/(RT )
χ4 + σ(λ)φUVΦ1

1

e(ES,2−ES,1)/(RT ) + 1
(1 − χ4)

with χ1 = 1 − χ4, k1 = σ(λ)φUV, and Φ1 = k3
k2+k3

. Here, σ(λ) is the cross section

of one SNP molecule absorbing a photon, φUV the photon flux density of the UV

LED, and Φ1 the quantum yield of the excited state to relax to the switching

state after photoabsorption.

We can see that with this assumptions the number of free parameters is re-

duced. To fit the model to the experimental data we define the switching rate

kS = σ(λ)φUVΦ1 and the difference in the energy barriers of the switching state

∆ES = ES,2−ES,1 and use them together with AG and EG as fitting parameters.

The temperature is time-dependent during LED illumination and described as

T (t) = T0 + ∆T · (1 − e−t/τ ) (cf. section S4), which is taken into account when

solving the differential equation and fitting the experimental data.
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S6 Effect of Blue-Light Illumination
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Figure S6: a) N K edge XA spectra of a submonolayer of SNP on Bi(111) under
the magic angle of 54.7◦. Continuous illumination at an initial sample tempera-
ture of 195 K by the blue LED (λ = 455 nm) leads to a reduction of the 400.0 eV
π∗ resonance of the MC isomer. The color gradient from blue to red corresponds
to the illumination time from 0 to 62 minutes. b) Area of the first resonance as a
function of illumination time (solid circles) and fit of the experimental data (solid
line, see text).

It is interesting to investigate whether the ring-closing reaction converting MC

to SNP can be induced not only by temperature but also by visible light as it

is known in solutions. Figure S6 a) shows an illumination series at the N K

edge with an initial temperature of 195 K. It reveals that illumination of the

sample by the blue LED (λ = 455 nm and a FWHM of 20 nm) triggers a MC

to SNP conversion. The photon flux density at the sample position was φblue =

5.4(9) · 1015 photons s−1 mm−2 with an approximate spot size of 10 × 12 mm2.
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The experiment was executed under the same conditions as the switching from

SNP to MC, but measured under the magic angle. Again, the integrated area

from 399.4 to 400.3 eV is used to determine the kinetics and the peak areas are

plotted as a function of illumination time in figure S6 b). A single exponential fit

to determine the time constant (not shown) leads to τMC→SNP = 1.4(2)·103 s. This

would correspond to an effective cross section for that reaction of 1.3(5)·10−21 cm2.

A stationary fraction of 40(1)% of MC molecules is found. However, illumination

with the blue LED also leads to a significant increase in sample temperature (cf.

section S4). This poses the question whether the conversion can be explained

by assuming blue-light induced photoisomerization only from SNP to MC and

a thermal back-relaxation. The data in figure S6 b) is fitted with the model

presented in the article in equation (1) using the thermal parameters of the blue

LED and fixing the other parameters to the values obtained by the fit of the UV

illumination data (figure 3). The switching rate kS and an overall scaling factor

were used as fitting parameters. The fit yields kS = 1.2(2) s−1. This shows that

the data can be well explained without assuming a photo-induced back-reaction

from MC to SNP.
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versing the Thermal Stability of a Molecular Switch on a Gold Surface: Ring-

Opening Reaction of Nitrospiropyran. J. Am. Chem. Soc., 131(35):12729–

12735, September 2009.
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Optical reflectance of thin adsorbates on solid surfaces is able to reveal fundamental changes of
molecular properties compared to bulk systems. The detection of very small changes in the optical
reflectance required several technical improvements in the past decades. We present an experimen-
tal setup that is capable of high-quality measurements of submonolayers and ultrathin layers of
photochromic molecules on surfaces as well as quantifying their isomerization kinetics. By using
photomultipliers as detectors, an enhancement of the signal-to-noise ratio by a factor of three with
a total reduction of light exposure on the sample by at least four orders of magnitude is achieved.
The potential of the experimental setup is demonstrated by a characterization of the photoswitching
and thermal switching of a spirooxazine derivate on a bismuth surface. Published by AIP Publishing.
https://doi.org/10.1063/1.5019415

I. INTRODUCTION

Optical differential reflectance spectroscopy (DRS) com-
pares the reflectance of a clean substrate with one that has been
modified.1 Possible modifications are, e.g., gas or molecule
adsorption. The relative change of the reflectance gives indi-
rect information on the change of the surface properties or,
in case of molecules, of the inorganic-organic system. For
investigation of adsorbates on surfaces, typically characteriza-
tion methods such as low-energy electron diffraction (LEED),
scanning tunneling microscopy (STM), x-ray absorption spec-
troscopy (XAS), or x-ray photoelectron spectroscopy (XPS)
are used. The main difference to optical methods is the smaller
penetration depth, which renders them highly surface sensi-
tive. These methods have certain drawbacks, e.g., electrons
and x rays can strongly interact with the adsorbate, which can
even lead to a total destruction. STM, on the other hand, only
gives local properties and limited information on the chemical
structure.

The optical method of DRS has been applied since
decades, e.g., for alloys2 or the change of semiconductor prop-
erties after treating by adsorbates.3 More recently, DRS has
been used for the investigation of in-situ-grown organic semi-
conductors, for example, 3,4,9,10-perylenetetracarboxylic
dianhydride (PTCDA) on surfaces such as mica, highly ori-
ented pyrolytic graphite (HOPG), KCl(100), or Au(111).4–9

Growth and crystallization of these systems lead to a
strong influence on the optical absorption and make DRS a
highly universal method to measure adsorbates on surfaces.
With this tool, a deeper understanding of the interaction,
growth,7 charge transfer of molecules,10 as well as decou-
pling from solid surfaces8 has been obtained. Clarification
of these effects is crucial for realization of true molecular
electronics.

Besides the application to organic semiconductors on
surfaces, also investigations of self-assembled monolayers
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(SAM) of photochromic molecules by DRS have been carried
out.11,12 There, the focus is not on the growth since these sys-
tems were prepared ex situ, but the important key property is the
optical change upon illumination by various light sources. Pho-
tochromic molecules consist of two metastable states, which
can be converted to each other by illumination with light of
different wavelengths or changes in temperature. For mate-
rial application, an immobilization of photochromic molecules
on surfaces is essential. When in contact with a solid sur-
face, switching properties are often found to be quenched and
only partial or not fully reversible switching has been shown.
Several species of different photoswitches have been inves-
tigated on surfaces, but so far no molecule in direct contact
with a surface has been found that can be switched efficiently
and reversibly by light only: For example, diarylethenes on
HOPG and Bi(111) did not show reversibility after photoi-
somerization to a closed-form13 and a spiropyran containing
a nitro group is even reversing its thermal stability on an
Au(111) surface.14 On the other hand, systems using a bis-
muth substrate have been reported with promising results.
Azobenzenes on Bi(111) can be switched to one state by
x rays and to the other by thermal energy.15 Spiropyranes on
Bi(110) were found in a photostationary state upon blue-light
illumination,16 and spironaphthopyran on a Bi(111) surface
can be reversibly switched by using a UV LED and thermal
energy.17 From UV/Vis-spectroscopy in solution, the absorp-
tion bands of these molecules are already well known, but
when in contact with a surface, the optical reflection repre-
sents a combination of the electronic and optical properties of
the full system including the substrate. Therefore, DRS is a
very suitable method to determine and quantify the ability to
switch photochromic molecules on a surface. Explanation and
characterization of the optical absorption even for molecules
that do not show switching properties on the surface might
lead to a deeper understanding of the switching process in
proximity to the substrate.

The DRS setups for investigating organic semiconduc-
tors,5,9,18,19 SAMs,11,12,20 or polymers21,22 have a typical
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white-light setup in common. A white-light source illuminates
directly or via an optical fiber the sample surface, and the
reflectivity is measured by a spectrometer. A typical advan-
tage of this is the fast acquisition time and the flexibility.
A huge drawback to measure photochromic molecules is their
potential conversion by light absorption. In solution, quan-
tum yields of photoswitchable molecules nearly reach 100%,
which means that upon measurement by white-light illumi-
nation a significant amount of molecules would be switched.
In addition, the contrast within a spectrum is limited by the
dynamic range of the spectrometer. A strong reflection in the
visible part of spectra often leads to an increased noise in the
UV or infrared range. Most photochromic molecules do not
exhibit any absorption in the visible range in one of their states,
which makes it necessary to have a good spectral quality over
the whole UV/Vis range.

Here, we present an experimental setup that is capable of
measuring photoisomerization of in-situ-deposited molecules
in a UHV environment at variable temperature. It is designed to
measure the change of the optical reflection and the switching
kinetics during illumination. Using a monochromatic measure-
ment beam in combination with photomultipliers (PMT) leads
to a minimum light exposure of the molecules. In addition, this
enables time-dependent measurements at single wavelengths
such that the acquisition speed can be increased with less total
light exposure. To maximize the signal-to-noise ratio (SNR),
a reference beam can be used. Special effort was spent to opti-
mize the setup in the UV range since, as mentioned before,
photochromic molecules often do not exhibit absorption in
the visible range. Therefore a dual-lamp with a deuterium and
halogen source as well as UV-optimized optics is used. As a
demonstration of the potential of our setup, measurements of
the photochromic switch spironaphthooxazine (SNO) on the
Bi(111) surface are presented. Besides the DRS of both iso-
merization states, the kinetics of the UV photoisomerization
to the merocyanine state (MC) is quantified. By temperature-
dependent measurements of the relaxation, activation barriers
between the two metastable states are determined within an
Arrhenius model.

II. DIFFERENTIAL REFLECTANCE SPECTROSCOPY
SETUP
A. Measurement principle

Using the optical reflection of a surface-adsorbate sys-
tem, the signal consists of contributions from the surface and
adsorbate. Comparing the optical reflection of the hybrid sys-
tem to the signal of the bare substrate enables one to extract
information on the absorption of the adsorbate. This method
allows for a very sensitive investigation of the change of the
optical properties of the surface. The DRS signal is defined by
the reflection R(λ) at a certain wavelength λ compared to the
substrate reflection R0(λ) as

∆R
R

(λ)=
R(λ) − R0(λ)

R0(λ)
. (1)

To account for noise originating from the lamp and optical
setup, a reference is introduced and the reflection is measured

as

R(λ)=
IS(λ)
IR(λ)

, (2)

with the sample and reference PMT currents IS and IR,
respectively. Such a normalization has been already utilized
in the literature and increases the signal-to-noise (SNR) ratio
significantly.19

The change∆R/R(λ) is not only originating from the opti-
cal absorption of the adsorbate but also from the change of
optical constants of the surface. Therefore a direct inference
to the properties of the adsorbing film is not feasible. By
linearization of the Fresnel equations for the reflection of a
layered system of vacuum, adsorbate, and semi-infinite sub-
strate, an approximation for the complex dielectric functions
of adsorbate and substrate can be given,23 but only for the
case of highly transparent substrates, further simplifications
to determine optical constants of adsorbates are possible.5 By
applying models or using the Kramers-Kronig relation, opti-
cal constants can also be determined for opaque substrates,
e.g., gold or HOPG.24 Separation of the optical constants of
molecule and substrate is not necessarily required for the inves-
tigation of photochromic systems, in particular, if the focus of
interest lies on the kinetics of the switching process. Only a
weak change of each optical constant is expected if there is
no strong interaction between surface and switch. A detailed
deconvolution into the contributions from the refractive index
and extinction coefficient as described in the literature1,24,25

is thus not in the scope of the experiment presented here. The
important property to identify in these systems is the ability to
switch reversibly and efficiently.

B. UHV setup

In surface science, entire sample handling under UHV
conditions is necessary. Therefore, the presented DRS setup
consists of a UHV chamber with a base pressure of
2 × 10�10 mbar. A sample load-lock to quickly exchange
substrates as well as a device to cleave surfaces (e.g., HOPG) is
mounted on this chamber. For preparation of single-crystal sur-
faces, a sputter gun and heating stage are present. In Fig. 1(a),
the main UHV body based on a CF100 T-piece is shown. Due
to the small diameter (100 mm) of this chamber body, the
distances between the sample and windows are reduced to
only 62 mm. This makes the use of in-vacuum lenses unnec-
essary. Six fused silica CF16 windows with an inner diameter
of 16 mm are mounted and enable high optical transmission
between 190 and 2500 nm. The flanges of the two innermost
windows on the horizontal axis are cut to reduce the angle
for near-normal incidence to 11.5◦ to the surface normal axis.
The two outer windows on the horizontal axis offer the pos-
sibility for polarization-dependent measurements. The angle
between these windows is 90◦. The sample holder is directly
mounted from the bottom of the CF100 T-piece and enables
fast exchange and adjustment. The sample holder is shown in
panel (b) of Fig. 1. For a stable operation of DRS, highest
mechanical stability is required. When using a manipulator,
mechanical oscillations or translations may occur. Therefore,
a fixed sample holder was built. An ex situ manipulation of five
axes (all except for azimuthal rotation) is available to adjust
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FIG. 1. (a) UHV chamber for in situ DRS measurements. The optical com-
ponents are directly mounted on the CF16 windows in the center; three
CF40 ports for evaporators are pointing toward the sample. (b) Sample
holder designed for highest stability with the possibility of ex situ five-axis
adjustment.

the optical setup. The sample is pressed strongly against an
oxygen-free high thermal conductivity (OFHC) copper block
by two spring bronze plates. A boron nitride heater plate is
mounted on the top of this block for sample heating. For cool-
ing, a liquid-nitrogen-cooled heat exchanger is connected to
the main block by copper strands. The strands are required
to decouple the sample holder from possible nitrogen boil-
ing disturbances. Thermal insulation of the copper block is
achieved by using two polyimide blocks as a connection to
the x-y manipulation of the socket. This leads to a very low
thermal conductivity and a minimal temperature limited by
thermal radiation. The temperature of the main block is mea-
sured by a LakeShore DT-670B-CO silicon diode. An accurate
control of the temperature is achieved by PID-control of the
heating power by a home-made LabView program. With that,
stable temperatures with oscillations below 0.1 K were reached
between 100 and 460 K.

The three CF40 ports in Fig. 1(a) are pointing to the sam-
ple and enable mounting of different additional equipment
with direct view on the sample. For investigations of pho-
tochromic molecules, a home-made Knudsen-cell evaporator
with a quartz microbalance is mounted behind a valve.

C. Optical setup

Figure 2 presents a sketch of the optical components of
the DRS setup. A nearly normal incidence has been chosen
for the measurement of photochromic molecules on opaque
substrates. In contrast to recent publications of similar setups,
white-light illumination of the sample is not used. A dou-
ble monochromator in combination with two photomultiplier
tubes (PMTs) measures the reflectance.

A Bentham ILD-D2-QH lamp provides highly intense
light from 200 to 300 nm with a low-noise deuterium (D2)
lamp and 300 to 2000 nm by a quartz halogen (QH) lamp.
The illumination source is selected by a flip mirror (M1),
which is controlled by the home-made measurement software.

FIG. 2. Illustration of the optical setup: Light from a Deuterium/Quartz-
Halogen source (selection by flip-mirror M1) is monochromatized by a double
monochromator. The beam is collimated by mirror M2. A fused silica beam-
splitter (BS) redirects a fraction of the light to the reference PMTR, whereas
the mirror M4 focuses the beam into the UHV chamber. Detection of the
reflected light from the sample is done by the sample PMTS. Both PMT
gains are controlled by a Keithley KUSB-3116, and the photocurrents are
amplified by FEMTO amplifiers and subsequently digitized by a National
Instruments 9239 AD converter. In situ LED illumination is possible through
various windows on the chamber.

The broadband light is monochromatized by a MSHD-300
double monochromator purchased from LOT-QuantumDesign
GmbH. A double monochromator has been chosen over a
single one since the estimated change of reflection of sub-
monolayers of molecules upon isomerization can be of the
order of only 10�3. Stray light of a single monochromator
can be of the same order of magnitude, which would lead to
incorrect conclusions. Besides that, a low light exposure of
the photochromic molecules is required to not interfere with
the desired LED-illumination effect. A double monochromator
minimizes the relative stray light down to 10�6. Three grat-
ings are mounted in each of the monochromators to allow for
broad range and detailed measurements in different regions
of the spectrum from UV to NIR. For the spectra presented
later on, a grating with 1200 l/mm and a blaze wavelength
of 300 nm has been used, which provides sufficient inten-
sity from 240 to 750 nm. With a 2400 l/mm holographic
250 nm blaze grating, measurements down to 200 nm are
possible, whereas for the infrared region a 1200 l/mm grat-
ing with a blaze of 750 nm is mounted. Additionally, filters
blocking light below 350, 430, and 725 nm are introduced
automatically between the two monochromators depend-
ing on the selected wavelength to suppress light of higher
orders.

The slits of the monochromator can be adjusted between
0.05 and 8 mm width, where theoretical bandwidths between
0.07 and 11 nm are reached. Behind the exit slit of the double
monochromator, an f/4 focal length focussing mirror (M2) is
placed. The collimated beam is directed by mirror M3 to an
iris aperture (IR), to limit the beam diameter. Uncoated fused
silica is used as a beamsplitter. This beamsplitter has about
4% reflectance to split a reference beam into the reference pho-
tomultiplier PMTR. The sample beam is focused again with
a UV-enhanced off-axis parabolic mirror (M4) with a focal
length of 15.2 mm. Therefore, the focus is behind the sample,
enabling for a smaller spot on the exit window than on the
entrance window. This is intended to reduce the eventuality of
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clipping of the beam. Such a clipping would lead to a vulner-
ability to increased noise. The whole beam path is covered by
a tube system and black-anodized aluminum foil to block all
ambient light from the experiment.

Photomultipliers from Hamamatsu of the type H10426-01
are used. Their advantage is a rather broad spectral sensitivity
(185–850 nm) and a very large sensitive area with a diameter
of 25 mm. This enables detection of the whole reflected beam
when mounted behind the CF16 vacuum window (diameter
16 mm). Typical spectrometers as used in white-light setups
employ CCD chips to measure DRS. In Ref. 19, an NMOS-
type Si diode array (Hamamatsu S3904) is used, which has a
spectral response between 0.05 and 0.25 A/W. Compared to
this, the Hamamatsu PMTs exhibit a sensitivity in the range
between 10 and 70 mA/W. Together with a gain of, e.g.,
105 (the gain can be controlled between 103 and 107), the
PMT is around four orders of magnitude more sensitive at a
wavelength of 600 nm. A further advantage compared to a
white-light setup is the reduced exposure to light during the
measurement. Assuming a sample consisting of photochromic
switches that are switching equally effective as in solution
(cross sections around 10�17 cm2),26 conventional DRS white-
light setups would lead to a switching of the molecules with
time constants in the range of several 100 s. This would
interfere with typical measurement times for the different iso-
merization states of the molecule-surface systems. In contrast
to that, our setup allows measurement times of several days
since the light flux is orders of magnitude below that needed
for CCD-based detectors.

Both PMTs are equipped with computer-controlled
shutters (Thorlabs SH1/M for the sample and SHB1 for the
reference). The shutters are operated by two different safety
interlocks, to close either when the current exceeds a certain
limit or when an LED for sample illumination is operated.
Hereby, the sample illumination is possible by different LEDs,
mounted on CF16 windows. Typically, two different LEDs
are mounted for experiments with photochromic molecules
to allow for possible bi-directional light-induced switching.
Additional optics can be used to increase the intensity further
by focussing to a smaller area.

Several variations of the optical setup can be imagined.
For investigations of the optical anisotropy, the outer windows
can be used for DRS. The polarization dependency can be ana-
lyzed by a Glan-Thompson polarizing prism as, for example,
described by Navarro-Quezada et al.27

D. Acquisition and software

The data acquisition and control are done by a National
Instruments (NI) 9239 analog-digital converter and Keithley
KUSB-3116 digital-analog converter, respectively. A very sta-
ble control voltage for the Hamamatsu PMT is required for an
accurate internal high voltage generation. This control volt-
age is supplied by the Keithley device, which was found to
deliver the most stable operation over long times. Any insta-
bility of the 0.4–1.4 V control voltage directly influences the
measurement. The detection of the signals is realized by ampli-
fying the currents in the order of microamperes with a FEMTO
DDPCA-300 current amplifier for each PMT and then logged

to the personal computer (PC) by the NI 9239 converter. Espe-
cially in the case of light sources with a high frequency noise,
such as xenon arc lamps, a fast and simultaneous signal acqui-
sition of the reference and sample is necessary. To account
for this, NI 9239 uses independent AD converters, which are
triggered simultaneously and convert with an accuracy of up
to 24 bit and 50 kS/s.

Automation is of high importance for the measurement
of photochromic systems since typically cross sections for
photoswitching on surfaces are reduced by several orders of
magnitude13,17 and result in extensive measurement times.
To determine suitable combinations of molecules and sub-
strates, experiments in a reproducible and reliable manner
are required. As mentioned before, the temperature control
is automatized, which enables recording of temperature ramps
and systematic studies. Measurements are executed and con-
trolled by a home-made LabView program. A spectrum can
hereby be split into parts with different PMT control voltages,
therefore increasing the dynamical range of a spectrum by
orders of magnitude. For the sake of fast acquisition, presented
spectra are taken with an integration time of 700 ms per point
and a step width of 2 nm. For the demonstrated application,
besides taking full spectra, also other types of measurements
are necessary. Measuring the kinetics of switching processes
is possible by only recording certain points of a spectrum to
increase the speed of measurement. For a time-dependent mea-
surement without additional illumination, either only a certain
wavelength can be recorded or different wavelengths alternat-
ingly. For a highly accurate and drift-resistant investigation of
switching kinetics, a point on an absorption peak and one on
a more or less constant area can be measured. Rates can be
determined by taking the asymmetry of an absorption peak by

asym(λ1, λ2)=
R(λ1) − R(λ2)
R(λ1) + R(λ2)

. (3)

In that way, a time-dependent measurement of temperature
or light-induced switching is possible with an accurate deter-
mination of rate constants. By taking full spectra before and
after the switching series, the asymmetry can be related to the
amount of switched molecules.

Since the use of additional LED illumination is not pos-
sible while scanning with the PMTs, the shutters of the PMTs
need to be closed and their high voltage shut down for intense
LED illumination. Therefore, recording the asymmetry of an
absorption peak and light-exposure are done alternatingly.

E. Noise and drift

For a fast acquisition, the noise needs to be minimized.
Typical noise deviations in a white-light setup of the ∆R/R
signal due to instability of lamps without using a reference
signal were often found to be in the order of 10�2, while with
reference this could be around 3 × 10�4 for long integration
times of 6 s.19

Figure 3 presents time-dependent recordings of the reflec-
tion of a clean Au(111) substrate and reference at a wavelength
of 500 nm. Each point has been taken with an integration time
of 1 s, and the points are normalized to the first point before
subtracting a value of 1. The red dots represent the signal of
the sample PMT; the black dots represent that of the reference
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FIG. 3. Time-dependent measurement of the photocurrents of both PMTs
(red dots for the sample and black for the reference) and normalized to the
first data point for each PMT. A clean Au(111) substrate was used, and the
reflection was measured at λ = 500 nm at room temperature.

PMT, and the blue dots represent that of the sample/reference
normalized signal, respectively. Photocurrents are 2.5 µA for
the sample PMT and 2.1 µA for the reference PMT, respec-
tively. The temperature was left at room temperature. Different
drifts are apparent in the measurement. The overall nearly
linear drift to smaller reflected intensity for both PMTs is pre-
sumably originating from a combination of light-source and
gain drift.

The standard deviation, calculated from the data of Fig. 3
by subtracting straight lines for each series, is 7 × 10�5 for
the sample PMT, 1 × 10�4 for the reference PMT, and thus
1 × 10�4 as well for the normalized signal. Utilizing PMTs
for recording DRS therefore leads to a reduced noise level in
our setup. Compared to the noise level reported in Ref. 19,
it is improved by at least a factor of three for the normalized
signal using a reference. Without reference, the improvement
is even higher, more than two orders of magnitude.19 A noise
level better than 10�4 is crucial for the measurements. The
noise is dominated by the shot noise of the PMT. Using the
photocurrents, gains (104 for sample, 2 × 105 for reference),
and integration time a shot noise of 4 × 10�5 for the sam-
ple PMT and 1 × 10�4 for the reference PMT is calculated,
respectively.28 Besides the linear drift, shorter drifts are visible
around 1700 s at both PMTs, most likely originating from a
drift of the light source. Instabilities of the light source and
other influences such as vibrations of the monochromator can
efficiently be separated by normalizing to the reference signal,
hence leading to a stable measurement. Remaining long-term
drifts over time spans of hours can be corrected by later data
treatment as explained in the context of the application.

III. APPLICATION TO PHOTOCHROMIC MOLECULES
A. Experiment with spironaphthooxazine

As a demonstration of the various possibilities for
application of the described setup, results of the pho-
tochromic spironaphthooxazine (SNO, full chemical name
1,3,3-trimethylindolinonaphthospirooxazine) on a Bi(111)
surface will be shown. SNO is shown in Fig. 4 and can be
converted by UV-light illumination to merocyanine (MC).
A conversion backwards to SNO is possible in solution by

FIG. 4. Scheme of the molecular switch spironaphthooxazine (SNO), which
can be converted in solution by UV illumination to merocyanine (MC) and
reversibly back by either visible-light illumination or increase of temperature.

either visible-light illumination (often red) or a temperature
increase.

The Bi(111) surface was prepared by standard sputter and
annealing cycles. For sputtering, 600 eV Ar+ ions were used,
and for annealing, the crystal was kept for 15 min slightly
above 350 K. The base pressure of the UHV chamber was
2 × 10�10 mbar. SNO molecules, purchased from TCI Chem-
icals, were evaporated from a home-built evaporator with a
Knudsen cell at a temperature of about 363 K with a pressure
of 5 × 10�9 mbar. The substrate temperature was kept at 200 K
for evaporation, to increase the rate of adsorption on the sur-
face. Prior to the measurements, all optical components have
been warmed up for several hours to reduce drifts of the signal.
The settings were adjusted for an optimized acquisition speed.
Hereby, 700 ms integration time per point and 2 nm step width
were used. The slits were set to 1 mm with a theoretical band-
width of 1.35 nm. A measurement spot of 3 × 7 mm2 on the
Bi(111) was used.

B. Adsorption on Bi(111)

Figure 5 shows the measurement of adsorbed SNO on
Bi(111). It is important to care about correction and thick-
ness calibration of the DRS in detail. Panel 5(a) shows the
DRS of the freshly adsorbed SNO on Bi(111) of the pristine
sample (black line) and after 5:30 h of experiments (red line)
without normalization to the reference PMT. By the already-
described drift of the DRS, the signal changes by 0.01. Beside
that, noise in the range of 1 × 10�3 is visible as well as a
spike from the change of the illumination source at 300 nm.
Spikes and remaining noise originate from instabilities of the
optical setup, e.g., grating vibrations or inaccuracies. In panel
(b), the reference PMT has been used for normalization and
in addition a simple correction for the drift is applied. For the
latter, a sensitivity drift was calculated, which is defined as the
factor between the photocurrents for each PMT in the pure-
substrate spectrum and the one in the recorded spectrum at
a certain wavelength. A wavelength of 720 nm is chosen for
this correction since there is no absorption by the adsorbate
expected and a good signal can be acquired. The calculated
factor is applied to the whole spectrum. This drift could orig-
inate from changes in the PMTs or drift of the control voltage
for the internal high voltage generation of the PMTs. Apply-
ing this factor leads to well-matching spectra, even over long
time spans. By using the reference signal, the noise is strongly
reduced without further adjustments. The drift of the PMTs,
as shown in Sec. II E, dominates the results.

In contrast to the low-temperature measurements,
molecules do not permanently stick after completion of the
first layer on a Bi(111) surface. Therefore, to determine the
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FIG. 5. DRS of SNO on Bi(111) (a) without using the reference directly
after evaporation (black line) and after 5:30 h (red line). (b) Exactly the same
measurements including the use of the reference beam and correcting for a
gain drift by referencing to the 720 nm intensity. Measurements were taken at
T = 200 K.

amount of molecules on the surface, measurements at room
temperature were carried out. For the similar molecule spiron-
aphthopyran on the same surface, this has been done before
by x-ray absorption spectroscopy.17 Figure 6 shows the thick-
ness calibration for SNO on Bi(111). A quartz microbalance
mounted in the evaporator provides a measure proportional to
the amount of molecules arriving at the sample surface dur-
ing evaporation. The quartz is cooled by ice water to improve
sticking of the molecules. Since the adsorbate does not form
a permanent second layer on Bi(111) at room temperature,
the coverage saturates exponentially. To measure and fit this
saturation, different steps of evaporation were carried out suc-
cessively with recording DRS in between. Panel (a) of Fig. 6
shows the corresponding DRS spectra, whereas panel (b) plots
the intensity at 245 nm for each evaporation step. The fit leads
to a saturation of the DRS signal at �0.061 for one monolayer
(ML). Due to inaccuracies of this method and drifts of the
setup, such a calibration has an estimated error of around 10%.
The following experiments were carried out with a 245-nm
signal of around �0.055 which corresponds to a coverage of
0.9(1) ML.

C. UV-induced switching

To demonstrate the ability of the DRS setup for detecting
the photochromism of molecules on a surface, a submonolayer
of SNO on Bi(111) was illuminated by a UV LED with a
wavelength of 365 nm and a photon flux density of φ = 2.8(5)
× 1015 photons s�1 mm�2 at the surface (measured by means of

FIG. 6. Stepwise evaporation of SNO on Bi(111) with DRS measurements
after each step. (a) DRS spectra for different coverages. The frequency change
of the quartz microbalance serves as a measure of the evaporated amount of
molecules. (b) Signal at 245 nm as a function of the microbalance frequency
change.

a power meter). The illumination spot has approximately a size
of 9 × 9 mm2 with a rectangular shape and is therefore larger
than the measurement spot of the DRS setup. Experiments
were carried out at a temperature of 200 K with a coverage
slightly below one ML (cf. Sec. III B). With this illumination,
the molecules can be very quickly switched in solution from
SNO to MC because of a quantum yield of up to 0.41.26 Due
to the high sensitivity of the DRS, evaluation of the changes
for short LED illumination times is possible.

Figure 7 shows in panel (a) the total change between the
DRS after evaporation (black line) and after 94 s of accu-
mulated UV LED illumination (red line). In panel (b), the
asymmetry, as defined in Eq. (3), between the intensity at
240 and 290 nm is plotted for each illumination step. The
change in DRS between the pristine and the UV-illuminated
sample can be compared to UV/Vis spectra of the SNO and
MC form in solution. Spiropyranes and SNO have been inves-
tigated intensely. Their absorption spectra reveal for SNO
nearly no absorption in the visible part of the spectrum and
for MC a peak around 600 nm.26,29 This 600-nm peak has
often a double-peak structure, depending on the configuration
of the carbon bonds.29 We can identify a very similar change
of the DRS spectrum, even though here the signal is a com-
bination of substrate and adsorbate properties. The intensity
of the reflectance in the UV region increases, whereas there
is more absorption around a maximum at 625 nm. Knowing
the change of absorption of the adsorbate/substrate system is
highly important to identify candidates and wavelengths for the
reversible switching. Reverse photoisomerization has not yet
been achieved for this system. With deeper knowledge through
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FIG. 7. (a) SNO on Bi(111) in the pristine state and after 94 s UV illumina-
tion. (b) Time dependence of the effect: stepwise illumination for 3.7 s and
recording of the asymmetry of the 240 and 290 nm reflectance.

comparison of different photochromic molecules on surfaces,
it will be possible to tailor systems to reach this important
milestone.

The rate for the SNO-to-MC conversion can be mea-
sured by the DRS setup as well. To do so, the pristine SNO
has been subjected to 3.7-s illumination steps and alternating
recordings of the asymmetry. The advantage of this method
is that the measurement of the clean substrate is not taken
into account, other than for the DRS. Therefore it is inde-
pendent of long-term drifts, but the asymmetry cannot be
directly related to DRS intensity. An exponential function
with a time constant of 24(1) s fits to the measurement, as
presented in Fig. 7(b). Hereby, the first point without illumina-
tion has been determined with higher accuracy and kept fixed
for the fit, resulting in a systematic deviation from a single-
exponential function. The origin of this effect remains unclear
but may be attributed to a more complex behavior of the switch-
ing kinetics, e.g., different adsorption sites or cooperative
effects.

By the measured photon flux density, the effective cross
section can be calculated asσeff = (φτ)�1 = 1.4(3)× 10�19 cm2.
Compared to literature values for cross sections of pho-
tochromic switching on surfaces, this is a highly effective pro-
cess. In solutions, typically cross sections orders of magnitude
higher are measured.30,31 Hence there is still a high potential
to increase the switching efficiency while in contact with a sur-
face. So far, in direct contact with surfaces, cross sections that
are by orders of magnitude lower than those for experiments
in solutions have been observed. The spironaphthopyran-
to-MC conversion on Bi(111) exhibited a cross section in
the order of 10�20 cm2 for elevated temperatures and even
below 10�21 cm2 at 200 K.17 Other photochromic molecules

were measured with even lower effective cross sections such
as 10�23 cm2 for azobenzenes in thin films on the Bi(111)
surface.32

Switching back by a red-light source was not possible for
this system, but by heating the substrate to higher temperatures
such as 250 K, the molecules relax back to the SNO form.

D. Determination of the activation energy

The temperature relaxation at slightly elevated temper-
atures can be used to identify the heights of the energy
barriers in a simple Arrhenius model. The energetics of
molecules on surfaces can be drastically different compared
to those in solution. For example, a nitro-containing spiropy-
ran was found to be stabilized in the open merocyanine form
on the Au(111) surface.14 Investigating the energy barriers
involved in the switching process and comparing them to
their solution values lead to the possibility of tailoring the
properties on the surface. We determine here the energy bar-
rier leading to the temperature-dependent relaxation of MC
to SNO.

Figure 8 shows the result of temperature-dependent relax-
ation measurements. Panel (a) presents relaxation curves of
the 240-to-290-nm asymmetry as a function of time for five
different temperatures from 240 to 260 K. The correspond-
ing logarithms of the rate over 1/T are shown in panel (b).
In an Arrhenius model with an energy barrier EA, the rate is
k(T )=A×e−EA/(RT ), with R being the gas constant and A being
a pre-exponential factor depending on the vibrational freedom,
which is in the order of 109–1014 s�1 for measurements in solu-
tions.26,33 Each relaxation series has been fitted with a single
exponential function but different zero lines to determine the
switching rate. Due to the different temperature, changes of

FIG. 8. Measurement of thermal relaxation of SNO on Bi(111). (a) Time
dependence of the asymmetry at different temperatures and their fits by single
exponential functions (solid lines) and (b) evaluation of the rates by a simple
Arrhenius behavior and a fit to determine the energy barrier (solid line).

95



033113-8 Nickel et al. Rev. Sci. Instrum. 89, 033113 (2018)

the substrate reflectance are likely and lead to a different mag-
nitude of the observed effect. The fits reproduce the data well,
with a small deviation for the highest temperature at 260 K.
From the data, it is not clear whether a drift has an impact on the
fit or an additional relaxation channel is available at higher tem-
peratures. Fitting the data in panel (b) to the Arrhenius behavior
results in EA = 37(4) kJ mol�1 and A = 5(1) × 105 s�1. For
this molecule in different solutions, barriers between 61 and
78 kJ mol�1 have been found.26,33 The difference can be
explained with a strong influence of the substrate on the switch-
ing process. The deviation from the fit in Fig. 8(b) hints
toward a more complex behavior than a simple Arrhenius-
like energy barrier. It is remarkable that the prefactor is much
lower compared to typical values found in solution. This could
be explained by the reduced freedom of the molecule on the
surface but could also originate from a deficiency of the model.
Nevertheless, the variation of temperature allows for a deeper
analysis of the switching kinetics. Additional measurements
of the kinetics for UV illumination at different temperatures
might lead to a determination of the barriers in a more advanced
energy scheme, as has been done in Ref. 17 by using x-ray
absorption spectroscopy.

IV. CONCLUSION

A DRS setup suitable for the investigation of pho-
tochromic molecules on solid surfaces at low coverages has
been presented. Hereby, monochromatic light is used and the
reflectance is detected by PMTs, in order to keep the light expo-
sure of the molecules at a minimum. The stable mechanical
setup and PID-controlled temperature enable reliable measure-
ments between 100 and 460 K. A low noise of the spectra and
measurement of switching kinetics allow systematic inves-
tigations of photochromic molecules on opaque substrates.
As a demonstration, a monolayer of spironaphthooxazine
molecules on a Bi(111) surface has been measured. The mea-
surement of the highly efficient conversion to merocyanine is
shown together with an evaluation of the activation energy for
the thermal back-relaxation.
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ABSTRACT: Controlling molecules in direct contact with
surfaces is central to molecular electronics. Photochromic
molecules immobilized and contacted by a surface promise to
provide remote control on the molecular level using light.
Combining X-ray absorption spectroscopy, differential reflec-
tance spectroscopy, and density functional theory, we
demonstrate highly efficient and bidirectional photochromism
of a spirooxazine molecular switch in direct contact with a
Au(111) surface. The ring-opening reaction by UV light is 2
orders of magnitude more efficient than previously reported
for other surface-adsorbed systems, and even more impor-
tantly, the red-light-induced ring-closing is accessible even in
contact with a metal surface. This opens new prospects for applications by utilizing the gold surface with directly adsorbed
functional units consisting of molecular photochromic switches.

■ INTRODUCTION

Photochromism of molecules, a well-known and ubiquitous
effect, enables one to remotely control systems on the
molecular level by illumination only. Excitation with light of
different wavelengths leads to a bidirectional switching of the
molecules. In addition to having distinct absorption spectra, the
resultant isomers also exhibit drastically different physical and
chemical properties, for example, in the electric dipole
moment.1,2 Different groups of photochromic molecules
cover a diverse and broad range of current and future
applications. Possible applications can be found in nature,
where fundamental functions, e.g., the activation of the retinal
molecule,3 can be linked to photoinduced processes.
Furthermore, the implementation of tailored molecular
switches is not limited to biological systems, but compounds
designed for molecular electronics may lead to a significant
improvement in data storage and logic circuits.4,5 The
possibility of optically accessible transistors6 or even memories7

as well as logic modules8 has recently been demonstrated using
molecular switches. Of particular interest for applications is the
group of spiropyranes (SPs) and spirooxazines (SOs). Their
drastic change of chemical reactivity, electric dipole moment,
and geometry upon isomerization attracted great attention of
scientists. In solution, they share the ability for highly efficient
light-induced interconversion to the corresponding merocya-
nine (MC) forms. Modifications of SPs and SOs have been
studied to a large extent, leading to many examples of SP-based
materials2 and (a still incomplete) understanding of the
complex isomerization process of SP/SOs.9−13 For utilization
in nanoscale systems such as for molecular electronics,

immobilization on a surface is required. The switching ability
needs to persist on the surface, which is challenging for
photochromic molecules.14−19 Due to additional effects such as
hybridization of electronic states, fast relaxation of excited
states, or steric hindrance, the switching is quenched in
proximity to a surface in most systems. To overcome these
limitations, attempts to decouple molecules from the surface in
self-assembled monolayers (SAMs) led to promising results of
efficient and reversibly switching layers.20−24 When in direct
contact to a surface, as is required for molecular electronics, the
isomerization of photochromic molecules was found to be
strongly suppressed,25 nonexistent,14,16 or energetically re-
versed.15 With the availability of a fully reversible system in
contact with a conducting surface, new prospects would evolve
for future devices, such as embedding molecular switching units
in networks, controlling the current through molecular wires, or
influencing magnetic properties of adsorbed molecules.
For photochromic molecules on surfaces, irreversible thermal

switching from SP to MC was observed on Au(111).15 In refs
26 and 27, optical switching from SP/SO to MC was
demonstrated and reversibility was achieved through thermal
backswitching. The key to enable a reversible isomerization was
to exchange the frequently used electron-withdrawing nitro
group on the pyran moiety by an electron-donating naphtho
group. This leads to a destabilized MC configuration and thus a
thermally reversible process.26 However, so far no photo-
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induced backswitching has been shown in direct contact with
solid surfaces. This lack of optical control over electrically
contacted molecules hampers the implementation in applied
systems. Gold is often the preferred choice of substrate or metal
electrode for single molecules or in assembling molecular
layers20,28,29 due to its inert surface, high electrical and thermal
conductivity, their well-known vacuum cleaning procedure, and
frequently investigated surfaces.30−34 On gold, the famous
unidirectional molecular motor has been immobilized35 and
phenyl-spacer-group linked diarylethenes were found to be able
to switch their conductance.34

Here, we show the fully reversible and light-only driven
photoisomerization of a SO derivate in less than one layer of
molecules on a Au(111) surface. By exchanging the previously
used spironaphthopyran derivate26 to spironaphthooxazine
(SNO), a change in the energy landscape enables repeatable
control of the isomerization states using only UV and red light-
emitting diode (LED) illumination. We prove this by a
combination of X-ray absorption (XA) spectroscopy, density
functional theory (DFT) simulations, and differential reflec-
tance spectroscopy (DRS). DRS, a direct and nondestructive
method for probing the mean isomerization state on the
surface, provides also a quantification of the corresponding
effective cross sections of the switching processes.
The photoinduced reaction is sketched in Scheme 1. A

colorless spironaphthooxazine (SNO, 1,3,3-trimethylindolino-

naphthospirooxazine, purchased from TCI Chemicals) can be

converted to the colored merocyanine (MC) by UV light and

reversibly back by visible light or temperature increase. This is a

well-known photoconversion, intensely studied in various

solutions,36,37 gels,38 or thin films.39,40

■ EXPERIMENTAL SECTION

All sample preparations have been carried out in ultrahigh
vacuum (UHV). Standard sputter and annealing cycles were
applied by using Ar+ ions with an energy of 1 kV and
subsequent annealing slightly above 900 K for 15 min. The
SNO has been evaporated from a home-built Knudsen cell
evaporator at a temperature of 363 K onto the substrate
maintained at a temperature of 200 K. Coverages were
estimated for the X-ray measurements by comparing the total
absorption of the carbon K-edge to the calibration as carried
out in ref 26. The estimated coverage is 0.70(5) monolayer
(ML) for the X-ray absorption (XA) studies. For the calibration
of the coverage of the samples used in the differential
reflectance spectroscopy (DRS) setup, the procedure is
presented in detail in ref 27. A saturation of one layer of
molecules has been measured on a Bi(111) surface. With this,
the change of frequency of an ice-water-cooled quartz
microbalance can be related to the amount of molecules on
the surface. Exactly the same setup has been used for all DRS
measurements, and with the explained calibration, layer
thicknesses of 0.7(1) ML were investigated.
XA measurements were carried out at the synchrotron

radiation facility BESSY II of the Helmholtz-Zentrum Berlin at
the beamline UE56-2/PGM-2 with a home-built UHV
chamber. This undulator beamline exhibits a degree of linear
polarization of ∼99%. The energy resolution was set to 150
meV for the measurement of the nitrogen K-edge. The base
pressure was 8 × 10−10 mbar for all XA experiments. The signal
was acquired with the total electron yield method by measuring
the amplified sample current via a FEMTO DDPCA-300
subfemtoampere amplifier. A freshly prepared gold grid
upstream of the experimental chamber was used to normalize
the X-ray beam intensity. To extract XA signals arising only
from the molecules, all measurements are normalized to that
measured from a clean substrate. An incidence angle of 25°
with respect to the surface plane was used for measuring spectra
with p- and s-polarized light. Magic-angle spectra for
identification of the isotropic absorption were acquired at an
angle of 54.7° and using p-polarized light.
To reduce the influence of X-rays on the sample, the

chamber was moved out of the focus of the beamline. By that,
an X-ray spot of about 1 × 1 mm2 illuminated the sample,
leading to an estimated photon flux density of ∼1013 photons
s−1 cm−2. Except for the time evolution of the nitrogen K-edge
in panel (b) of Figure 1, all spectra have been measured on
virgin positions. A longer exposure for >30 min leads to a small

Scheme 1. Spironaphthooxazine (SNO, Left) Can Be
Converted to Merocyanine (MC) by UV Light and
Reversibly Back to SNO by Visible Light or Temperature
Increase

Figure 1. Nitrogen K-edge XA of a sub-ML SNO on Au(111). (a) Pristine state after evaporation for p and s polarizations measured at 25° angle of
incidence and at the magic angle (probing the isotropic absorption at 54.7° angle of incidence). (b) Consecutive recording of p-polarized spectra for
40 min during in situ UV illumination. (c) XA after 40 min UV illumination for both polarizations and the magic angle.
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reduction of absorption intensity on the first π* resonances,
presumably by destruction of molecules. Additionally, an
influence of X-ray exposure on the switching itself is also
observed. This has been reported for different switchable
molecules before.17,41 Hence, the XA data is not used for a
quantification of the switching process, and the favorable
method of DRS is applied instead. The details of the DRS
experiments and DFT simulations can be found in the
Supporting Information.

■ RESULTS AND DISCUSSION
Figure 1 shows the results of the XA investigations of SNO on
Au(111). With a coverage of 70% of a fully covered monolayer
(ML), direct contact of the molecules with the surface is
expected. Figure 1a presents the XA at the nitrogen K-edge of a
freshly evaporated sample at a sample temperature of 200 K. An
intense π* resonance is present at an energy of 398.2 eV. The
angle dependence, obtained from the comparison of the p-
polarized spectrum (measured at 25° angle of incidence) and
the s-polarized spectrum, enables the determination of the
mean angle of the corresponding orbital for all probed
molecules.42 The magic-angle spectrum is measured at an
angle of 54.7° to the surface and represents the isotropic
absorption. Quantitative analysis of the angle dependence yields
a mean angle of 35(1)° between the orbital and the surface
normal. In DFT calculations, this orbital is localized on the
naphthooxazine moiety of the SNO (cf. Supporting Informa-
tion). Using a UV LED, a very clear change to the XA spectrum
can be induced, as shown in Figure 1b. After 40 min of UV
illumination, the 398.2 eV peak vanished and a new π*
resonance at 397.4 eV evolved (green line). In addition, a new
resonance appears at 399.7 eV. For different SP derivates, such
as nitro-BIPS15 or spironaphthopyran,26 a similar new
resonance was found and attributed to the MC form. The
XA at the nitrogen K-edge of MC differs strongly from that of
the pristine state. As can be seen in Figure 1c, beside the
different energies of the π* resonances, the intensity ratio
between p- and s-polarized spectra increases upon UV-light
illumination. This signifies an on average more flat-lying
molecule, with a mean angle of 23(1)° to the surface. The
optimization of the geometric structure of the free molecule in
DFT simulations and previous results in literature point toward
a flat MC configuration.15

To interpret the changes of the observed nitrogen K-edge XA
resonances, DFT calculations on both isomers were carried out.
The StoBe code package43 has been used, which had been
successfully applied to many photochromic molecules
previously to identify isomerization states, even by comparing
the simulated free-molecule XA to the one measured on the
surface.15,25,26,44 For the spectrum of the pristine state in Figure
1a, a clear agreement with Figure 2 is visible for the SNO
isomer (black line). The calculation yields a prominent π*
resonance at 398.2 eV and two less intense resonances at 399.6
and 401.1 eV. The 398.2 eV resonance originates from the
nitrogen of the oxazine compound, which is the most obvious
difference compared to the spectra of spironaphthopyran.26

The simulation of the corresponding MC species in the most-
observed trans−trans−cis configuration of the carbon and
nitrogen (of the oxazine moiety) bonds (as sketched in Scheme
1), is represented by the red line in Figure 2. The shift of 0.8 eV
of the first π* resonance in the experimental data is consistent
with the shift of 1.0 eV to lower energies in the simulated
spectrum. The overall spectral shape of the experimental

spectrum after UV illumination agrees well with the simulated
MC spectrum.
For the X-ray measurements, radiation-induced changes have

been observed, and therefore, virgin sample positions were
chosen to measure the spectra in each of the panels in Figure 1.
This is clearly not possible for an accurate determination of the
switching kinetics and attempts to reversibly switch the sample
isomerization over a longer time span. To investigate and
demonstrate the control of the isomerization, we thus utilize
DRS.27 DRS allows one to identify changes of the optical
reflectance of adsorbate/solid hybrid systems by comparing the
reflection R(λ) of a system as a function of the wavelength λ
with the reflection R0(λ) of the substrate only. This is calculated
as

λ λ λ λΔ = −R R R R( )/ ( ) ( )/ ( ) 1.0

To acquire DRS with very low noise and minimum light
exposure during the measurement as well as a very precise
control over the temperature, a special setup was built to
investigate photochromic molecules on solid surfaces. Details of
this experiment are described briefly in the Supporting
Information and in ref 27. DRS does not relate directly to
the reflection of the adsorbate because the complex optical
constants of the surface also contribute to the signal. For only
slightly bound or even decoupled molecules, clear assignments
of the absorption bands can be attained.
Figure 3 shows the DRS of a sub-ML (coverage around 0.7

ML) SNO on Au(111). The molecules have been evaporated
onto the Au(111) crystal kept at 200 K, and all illuminations
were performed at this temperature by a 365 nm UV LED and
a 625 nm red LED (cf. Supporting Information). Clearly, a

Figure 2. Simulation of the XA spectra of SNO and MC for a free
molecule by means of DFT (cf. Supporting Information).

Figure 3. DRS of a sub-ML SNO on Au(111) at T = 200 K. The
pristine state after evaporation and six further illumination steps,
alternatingly by UV and red LEDs, are shown. Total illumination time
for UV and red light was more than 100 and 4000 s, respectively.
Negative DRS corresponds to a stronger absorption of the organic−
inorganic system compared to the clean substrate.
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bidirectional photochromism using both LEDs is achieved. The
spectra reproduce completely after the first UV illumination.
The pristine spectrum (black line) features a peak at 485 nm
and one at 350 nm. Except for the 485 nm peak, the overall
spectral shape of the change in reflectance has similarities with
SNO measured in ethanol solution, where only a peak at 360
nm is present.40 The 485 nm peak presumably originates from
the change of surface properties induced by molecule
adsorption, because gold has a strong change of absorption at
this wavelength and no SNO or MC absorption is expected
from solution results.40 A similar peak is also observed for
alkanethiolate SAMs on Au(111).20 In addition, the same SNO
molecule did not feature such a peak on a Bi(111) substrate.27

After the first UV illumination, a strong change of the overall
spectral shape of the DRS is achieved (red line). The main
differences are new peaks at 570 and 625 nm, a reduction of the
intensity of the 485 nm peak, and a shift to 505 nm. By
comparing these changes of reflectance to UV/vis spectra of
MC in solution, the presence of a MC isomer on the surface
can be clearly stated with its absorption close to reported
wavelengths in solution.40 MC, recorded in ethanol solution,
shows a double peak at 570 and 620 nm. The DRS upon UV
illumination on Au(111) shows a remarkable resemblance with
peaks at the same wavelength. The double-peak structure stems
from either a vibronic shoulder or an aggregation of MC
molecules,45 but due to the complex interaction of the optical
properties, it is not feasible to analyze the aggregation in DRS.
Illumination of the MC isomer on Au(111) with red light

leads to a relaxation of the sample back to the SNO isomer
(blue line). A pronounced difference to the pristine state,
especially in the region of 485 nm, where the surface-attributed
peak is slightly lowered and shifted to 500 nm, is observed. We
attribute this to a rearranging of the SNO molecules, because
the difference of the SNO states is dominated by increased
reflectance at the 485 nm peak. The overall remaining
difference in DRS intensity does not show the shape of the
MC/Au(111) DRS and suggests that, for the photostationary
state by the red light, all MC isomers were converted back to
SNO. On the Bi(111) surface, DRS attributed to the MC
isomer was found to have a peak at 625 nm as well, but, as
previously mentioned, no light-induced photoconversion from
MC to SNO could be observed.27

The same sample was switched by three UV illuminations
from SNO to MC and three times by red light from MC to
SNO. Except for the difference between the first two SNO

states, all further illumination steps led to very reproducible
spectra. To quantify the switching kinetics, DRS can be utilized
as well. The highest reliability was achieved by using the DRS
asymmetry, more specifically by comparing the reflectance at
two different wavelengths (cf. Supporting Information and ref
27). This asymmetry is defined as

λ λ λ λ λ λ= − +R R R Rasym( , ) ( ( ) ( ))/( ( ) ( ))1 2 1 2 1 2

Figure 4 shows the time-resolved asymmetry measurements
leading to molecule isomerization of which the DRS spectra are
shown in Figure 3. Starting from a MC configuration, red-light
illumination was carried out alternating with recordings of the
asymmetry (red lines). For each point, 300 s red-light
illumination was applied using a 625 nm LED with a full
width at half maximum (fwhm) of 18 nm. A clear increase of
the asymmetry signifies the switching from MC to SNO.
Because the MC-to-SNO conversion can be induced by either
red-light illumination or temperature, it is necessary to identify
the origin of the effect. We conclude that the MC-to-SNO
switching as shown in Figure 4 originates from red-light
illumination: The temperature on the sample is well-known
from the silicon temperature diode. As described in ref 27, the
sample is pressed to a thick copper block which is
proportional−integral−derivative (PID)-controlled with an
accuracy of 0.1 K. The complete sample plate is in contact
with the copper block by pressing it with two strong
phosphorus bronze springs. The measurement data do not
allow for a full exclusion of an additional temperature-induced
relaxation, but different observations emphasize the conclusion
of light-induced switching:
(1) Red-light-induced switching at 130 K (cf. Supporting

Information section 3) is possible whereas thermal stability at
higher temperatures (165 K by the same asymmetry measure-
ment, >3 h of measurement time at 200 K) has been observed.
(2) The thermal relaxation (cf. Supporting Information

section 4) reveals the barriers of the MC-to-SNO relaxation.
Assuming an Arrhenius behavior, the corresponding necessary
temperature for the switching of the 130 K illumination as a
pure thermal effect would be >230 K. If such a temperature
increase would take place, attempts of illumination at room
temperature would have led to a direct desorption of the
molecules, because they start desorbing above room temper-
ature.
(3) In the case of a bad thermal contact, the thermal

equilibrium would need longer time to settle (e.g., measured

Figure 4. Detailed investigation of the switching kinetics leading to the final isomerization states shown in Figure 3. The asymmetry of the 620 and
720 nm reflectance intensities is recorded as a function of illumination time at a temperature of 200 K. The illumination time before each
measurement point for UV illumination was 3.7 s, while in the case of red-light illumination it was 300 s for the first two series and 100 s for the last
illumination series.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.8b02220
J. Phys. Chem. C 2018, 122, 8031−8036

8034

104



with a time constant around 145 s in ref 26). This would lead to
a strongly different average temperature for the measurement
with different illumination times, compared to the one shown
in Figure 3 for the third red-light illumination (100 s
illumination steps instead of 300 s). After each measurement
point, the asymmetry is recorded for ∼60 s. In case of the 100 s
illumination time steps, the average temperature would be
lower, leading to slower switching speeds, which has not been
observed.
(4) SNO on Bi(111) was not possible to switch reversibly

back by red light in the same setup with the same temperatures
and very similar relaxation barriers.27

In Figure 4, the following UV-light illuminations for 3.7 s
each point (blue lines, using a 365 nm LED with a fwhm of 9
nm) present a significantly faster process. This is expected,
because the quantum yield of the photocoloration is ∼0.4 in
solution,37 about 2 orders of magnitude above the one for
decoloration.1 The last MC-to-SNO switching series with
illumination steps of 100 s is saturated slightly below the other
two red illuminations, but this might be considered an artifact,
due to possible experimental drifts.27

A closer look into the time dependence reveals the high
efficiency of the process: The time constants as determined by
the single-exponential fits are 1074(57) s (1st red), 16(1) s
(2nd UV, first blue line), 872(21) s (2nd red), 14(1) s (3rd
UV), and 836(27) s (3rd red). This is potentially a process that
can be trained by illumination cycles, and therefore the
switching efficiencies after each step increase slightly. A
rearrangement as assumed for the initial UV/red light cycles
of the molecules is likely. Additionally, the fits for UV
illumination are not completely fitting to the experimental
data. Beside the possibility of experimental drifts, also a more
complex behavior such as cooperativity might be present. For
the fastest UV and red illuminations, effective cross sections can
be calculated using the photon flux density and switching time
constant by σeff = (ϕτ)−1 as σeff,UV = 2.5(6) × 10−19 cm2 and
σeff,red = 1.4(3) × 10−21 cm2. The process is highly efficient
compared to previous findings on similar molecules on surfaces,
where effective cross sections were lower by ∼2 orders of
magnitude.16,26 There is still a high potential for further
increase of the efficiency, because in solution cross sections up
to 10−16 cm2 have been determined.1,37 The improved effective
cross section compared to spironaphthopyran or nitro-BIPS
could originate from the formation of a singlet state instead of a
triplet state upon UV excitation, as has been discussed for SOs
in gels or films.38,39 Our findings show that an efficient
photochromism can also be achieved on the surface without a
decoupling layer, which enhances the amount of possible
applications and reduces the complexity of the system. This and
the enhanced effective cross section of the SNO-to-MC
conversion constitute a huge leap forward in realization of
photochromic molecular devices on solid surfaces.

■ CONCLUSIONS
In conclusion, we demonstrate a functional photochromic
molecular switch directly adsorbed on a Au(111) surface, which
had previously been found to stabilize MC isomers. XA
measurements reveal an intact SNO that can be converted to
MC by UV illumination. The fully reversible, purely light-
driven process in molecules immobilized on a surface is
demonstrated by DRS using UV and red LEDs for the control
of the isomerization. In contrast to previous studies of
photochromic molecules on surfaces, the effective cross section

for the SNO-to-MC photoconversion is increased by nearly 2
orders of magnitude. This opens new horizons for applications
of photochromic molecules, e.g., in assemblies with networks or
inorganic molecules.
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1 Details of the DFT simulations

Similar to the XA measurements, the DFT simulations were carried out in the same way

as already successfully applied in reference S1. Hence, the derived XA spectra for the free

molecules can be compared between the spironaphthopyran from reference S1, spironaphtho-

oxazine in this article, and the experimental XA data. To shortly sum up the configuration

used for the DFT calculations: The StoBe code packageS2 has been used for simulation of

nitrogen K edge XA spectra. This package works on a DFT basis and has been applied to a

huge variety of molecules.S3–S6 Consistency to references S1 and S6 is obtained by using the

same two-step geometry optimization. In the final optimization step, a gradient-corrected

RPBE (revised Perdew-Burke-Ernzerhof) exchange correlation functional is used.S7,S8 The

calculations were performed using a slightly modified TZVP basis set,S9 where one d function

is added for the contained chemical elements. The Slater transition-state (TS) methodS10,S11

is applied in the very same way as for the references given above. To obtain a final com-

parison to the experimental spectra, the spectra were shifted by 2.0 eV to lower energies.

A broadening by gaussians was applied with a full width at half maximum (FWHM) of

0.7 eV for transitions below the ionization potential (IP), linearly increasing the FWHM up

to 4.5 eV at 10 eV above the IP, and a constant FWHM of 4.5 eV above.

To map simulated resonances to orbitals, the strongest three π∗ resonances for both

isomers in the Slater TS method are visualized in Figure S1. All the most visible peaks

seen in Figure 2 of the article originate from these resonances. The exact energies, center of

excitations, and oscillator strengths are given in Tables S1 and S2.

Table S1: Energies for SNO nitrogen K edge x-ray excitations.

Energy (eV) Center of Excitation Orbital Relative Strength Figure
398.1 oxazine nitrogen LUMO 12.8 S1 (a)
399.6 oxazine nitrogen LUMO +1 3.8 S1 (b)
401.2 oxazine nitrogen LUMO +6 2.4 S1 (c)

S-2

108



Figure S1: Orbitals of the three strongest π∗ excitations as simulated by means of the StoBe
code in the TS method. The center of excitation is marked in green. Table S1 and S2 list
the values for each excitation.

Table S2: Energies for MC nitrogen K edge x-ray excitations.

Energy (eV) Center of Excitation Orbital Relative Strength Figure
397.1 imine nitrogen LUMO 9.5 S1 (d)
399.5 indoline nitrogen LUMO 2.7 S1 (e)
400.9 imine nitrogen LUMO +8 6.1 S1 (f)
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2 Details of the DRS Measurements

The DRS has been recorded in a new home-built experimental setup in a near-normal inci-

dence configuration. Details of the setup, which is focused on the kinetics of photochromic

processes on surfaces, are published in reference S12.

In contrast to other DRS setups, a monochromatic light-beam is used. By detecting

the reflection with photomultipliers (PMTs), the sensitivity is maximized and therefore the

total light-exposure to the sample is minimized, avoiding switching by the measurement

beam. This leads to highly accurate measurements close to the shot-noise limit. To account

for instabilities and certain drifts of the optical setup and light sources, a reference beam

is integrated in the optical path. A fused silica glass splits about 4% of the light to the

reference PMT. A very stable PID-control of the temperature is possible between 100 and

460 K to gain insights of temperature-dependent switching kinetics.

The optical setup consists of a dual-lamp with a deuterium and halogen source. For

monochromization a MSHD-300 double-monochromator is used with 1200 l/mm gratings

and a blaze wavelength of 300 nm to reach high intensity also in the UV region. The slits

were set to 1 mm for a theoretical bandwidth of 1.35 nm. The optical path for focusing the

beam to the sample consists of mirrors only, to avoid chromatic aberration. Evaporation

on an atomically flat and clean single crystal takes place in the measurement position. At

a short distance of about 62 mm, six CF16 vacuum windows are present to measure and

illuminate the sample. The angle between the innermost windows, as used for near-normal

incidence DRS, and the surface normal is 11.5◦. In our measurements, a spot size of 3×7 mm2

is set up and for fast acquisition time, spectra are acquired with a step-width of 1 nm and

an integration time of 1000 ms per point. Further details can be found in reference S12.

To correct for drifts in the data, originating from gain drifts of the PMTs, a procedure as

described and analyzed in reference S12 has been applied. A gain factor is calculated and

multiplied to the whole spectrum: The reflectance at a wavelength of 720 nm is divided

through the intensity for the corresponding background spectrum at the same wavelength,
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providing a gain drift factor. However, remaining drifts in spectra were found in the range

of 0.001, which is sufficiently small compared to the signal.

Two LEDs are mounted with the possibility to illuminate the sample in the measurement

position: A UV LED with a wavelength of 365 nm and a red LED with a wavelength of

625 nm. Both LEDs exhibit an illumination spot size of about 9×9 mm2 at the sample, larger

than the DRS measurement spot. The photon flux densities, as measured by a Thorlabs

S302C thermal power sensor, are φUV LED = 2.8(5)× 1015 photons s−1 mm−2 and φred LED =

8(1)× 1015 photons s−1 mm−2.

To measure time-dependent illumination series, a stepwise measurement needs to be

applied, since the LEDs and PMTs can not operate simultaneously. In addition, drifts of

the PMTs and lamp might also have an impact on the measurement data quality, so that a

reference has to be introduced. Therefore we define as a measure of switched molecules the

asymmetry as:S12

asym(λ1, λ2) =
R(λ1)−R(λ2)

R(λ1) +R(λ2)
(1)

This leads to a good measure for the fraction of SNO or MC molecules, when taking one

reflectance on a peak position (minimum in the DRS) and one on a more or less constant

position in the spectrum, using the latter as a reference point. For the presented asymmetry

recordings, the reference beam has not been taken into account.

3 Red-light illumination at 130 K

Also investigations at other temperatures were carried out, since the DRS setup is capable

of variation of the temperature between 100 and 460 K. Activation energies in the energy

landscapes have been observed, e.g., for the SP-to-MC switching process by UV-light of a

spironaphthopyran on a Bi(111) surface.S1 To see if the red-light-induced conversion from MC

to SNO still takes place at lower temperatures, we illuminated with red light at a temperature

of 130 K. Figure S2 shows the DRS asymmetry of the 620 and 720 nm intensity as a function
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of time (� symbols, with red line as single-exponential fit). The temperature stability of the

MC isomer is shown in the same plot by data for an increased temperature of 165 K without

illumination (grey circles, corrected for a small temperature-dependent constant offset to

match the data at 130 K). It is obvious that the red-light-induced switching is slower than at
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Figure S2: Red-light illumination (λ = 625 nm) of a MC isomerized sample (switched before
at a temperature of 200 K) at a temperature of 130 K (� symbols) with a single-exponential
fit (red line). In grey circles, the stability at a temperature of 165 K is shown.

200 K. The time constant for this switching at 130 K is 8300(800) s. This corresponds to an

effective cross-section of 1.4× 10−22 cm2, about a factor of 8 smaller than at a temperature

of 200 K. The photoisomerization of SNO and MC is known to be temperature-dependent.

In addition to the ring closure, also trans-cis isomerizations takes place. The barriers for

these processes induce a temperature dependence on the switching and therefore a reduced

speed at lower temperatures is expected.

4 Relaxation by temperature

Information about the thermal stability of the MC isomer can be gathered by measuring

the thermal relaxation as, e.g., performed for a spin-crossover relaxation in reference S13.
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Using an Arrhenius model and assuming a barrier Ea leads to a relaxation rate of k(T ) =

A · e−Ea/(RT ), with A being a preexponential factor and R the gas constant. When ramping

the temperature, the time-dependent fraction of MC molecules can be fitted by:S13

γMC(t) = e−A
∫ t
0 e−Ea/(RT (t))dt . (2)

To evaluate the former equation, continuous measurements of the asymmetry as a func-

tion of time were performed by using a constant temperature ramp of 1 K/min. The cor-

responding data is shown in Figure S3 (a). Before fitting equation (2), the data has been

corrected for a small linear drift (as can be seen for the first and last 20 K on the x-axis),

presumably originating from a temperature dependence of the reflectance. Afterwards, the

data can be fitted very well as shown in panel (b). The fit leads to values of EA = 44(1) kJ

mol−1 and A = 9(2) × 105 s−1. These values are close to those of the same molecule on a

Bi(111) surface measured by DRS by a different method.S12
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Figure S3: (a) Temperature-dependent measurement of the asymmetry between the 600 and
720 nm reflectance. (b) Drift-corrected data with fit according to an Arrhenius model.

After the heating series as shown in Figure S3, the sample was further warmed up to

330 K to compare with the reversed thermal stability as reported in reference S6. There,

nitro-BIPS was fully switching to MC at a temperature of 330 K. Figure S4 shows the DRS

of the MC at 200 K (black line) and after heating to 330 K (red line). A clear thermal
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switching back to the SNO isomer takes place.
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Figure S4: DRS of SNO on Au(111) after UV at 200 K and after the heating series as shown
in Figure S3, measured at 330 K.

The spectrum at 330 K had to be scaled up by a factor of 2.2 since the molecules

already started desorbing from the surface at this temperature. Differences of the 330-K SNO

spectrum to the one at 200 K (cf. Figure 3 of the article) could occur from a temperature

dependence of the organic-inorganic system, e.g., a rearrangement.
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APPENDIX A
DRS Setup Details

A.1 Pictures of the Setup

Figure A.1: Front view on the UHV chamber body. The top part enables prepa-
ration and sample exchange (only a sputter gun is mounted in this picture).
The bottom part below a CF100 valve is the measurement part. Six CF16 win-
dows point towards the measurement sample holder for a flexible setup of
the optical components. Three additional CF40 flanges allow mounting of
equipment such as evaporators. The sample holder base is inserted from the
CF100 flange on the very bottom of the chamber.
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Figure A.2: Sample holder copper
block with spring mechanism and
no other functions mounted. A five
axes (ex situ) manipulation is pos-
sible.

Figure A.3: Back-view on the fully-
equipped sample holder. Temper-
ature diode, heat exchanger with
cooling strands, heating plate.

Figure A.4: Overview of measure-
ment equipment. The optical com-
ponents are in addition to a light-
covering tube wrapped in black-
anodized aluminum foil to block
completely remaining light.

Figure A.5: Optical components on
UHV chamber. Two LEDs (in red
the high-power UV LED and on
the left side the red-light LED) are
equipped and both PMTs are con-
nected.
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Figure A.6: Sample heater in the preparation part of the UHV chamber. It
mainly consists of an Omicron sample-plate holder mounted in front of a
boron nitride heater. Heating is achieved through thermal radiation and two
thermocouples are mounted next to the holder. Temperatures above 900K
can be achieved. All connections are mounted on a CF16 military plug for an
easy and stable usage.

The CAD drawings are available upon request at the AG Kuch. The figures
above illustrate the UHV setup of the home-made main components, which
have been built from scratch. Several additional hardware parts such as the
construction to mount the optics or the load-lock are not shown.

133



A.2 Software

The DRS setup is controlled by several LabView programs. These programs
mostly operate independently, e.g., to log the temperature or the pressure.
Through these microservice-like software infrastructures, independent de-
bugging and the exchange of components is possible. Screenshots of the
programs are provided in the following figures.

Special attention was paid to the automation of the setup. Due to the
possibility of long measurement times, many variables had to be considered
and led to a complex list of features, some examples of which are as follows:

• Measurements

– Different measurement regions for spectra (e.g. different ampli-
fication)

– Macros defined in text files

– Ability of all possible measurements or commands to be used in
macros

– Full log, printable for lab book

– Project and experiment organization (e.g., using the same set-
tings for the full project such as a combination of molecule and
substrate)

– Live view of recorded data

– Three measurement types:

1. Wavelength-dependent spectrum

2. Constant wavelength

3. Measurement of single wavelength points

– Integrated temperature control

– Integrated LED control

– Integrated PMT control

• Monochromator control

– Full control over wavelengths and settings

– Automatic selection of light source

– Blocking the light when not needed

• PMT control
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– Locally (through user interface) or globally (e.g., through mea-
surement program) controllable

– Ramping of control voltage while checking for overflow or ex-
ceedingly high currents

– Control of Femto’s amplification

• Temperature control

– Flexible live view on temperature graph

– Permanent logging

– Readout of silicon temperature diode and two K-type thermo-
couples

– PID control with variable PID parameters (necessary due to dif-
ferent heating and cooling powers at different temperatures)

– Independent hardware- and software protection measures

• LED and shutter control

– Control of two LED channels

– Independent software protection measures to avoid operating
LED and PMTs simultaneously (PMTs would be destroyed by this)

– Shutters closed when no measurement is active

– Customizable delay times for turning on the LED after shutter
closure and vice versa.
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Figure A.7: LabView program to measure DRS. Features as described previously are included and a fully automatic control is achieved.



Figure A.8: LabView program to permanently control the sample holder tem-
perature. Ramps, setpoints, logs, and protection measures are implemented.
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Figure A.9: Control of the heating
current of the Heinzinger analog
power supply. A ramp of the cur-
rent is automatically applied.

Figure A.10: Pressure logger for both
UHV gauges inside the preparation
and measurement chamber.

Figure A.11: Control of PMTs and Femto amplifier. Several protection measures
are implemented to protect the PMTs.
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Figure A.12: Control of LEDs and shutters in front of both PMTs. There are
several software protections (in addition to a hardware safety box) to ensure
that no LED can be active while the shutters might be open.
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APPENDIX B
XA Measurement Software

B.1 XA Measurement Program

The data acquisition of XA at the BESSY synchrotron in the past has been
very slow. Many steps were performed manually. To save time and reduce
the number of possible human errors, a measurement program was cre-
ated for this work to control the beamline, chamber, and data acquisition.

The features include:

• Beamline control

– Set photon energy directly

– Control PSD (at dipole PM3)

– Control offset and slope (for circular polarization on undulator
beamlines)

• Spectra recording

– Keithley settings accessible

– Saving of spectrum presets

• Time-dependent spectra at static energy

– Including record of temperature

• Recording of additional parameters

– Temperature (before and after spectrum by self-built relay box)

– Beamline properties as provided by BESSY EMC protocol

– Saving of motor positions (see following section)

• Log

– Queue for spectra to be recorded

– Printable log for lab book
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– Log viewer for quick access of logs

– Comments for attachment to the log

• Control of a home-made pneumatic shutter to reduce x-ray influence.

Figure B.1: Settings for the spectra presets to be selected in the main program
for a measurement.
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Figure B.2: Complete LabView program to measure XA on different beamlines at BESSY in a mostly automated way.



B.2 Motor Control

As with the new XA measurement process, in order to improve reliability
and efficiency, a new motor control for the described chamber used at
the synchrotron radiation source was built. The controller SMCI35 from
Nanotec Electronic GmbH & CO KG, assembled in a distinct housing for
five axes, was used, which can be controlled by a self-made LabView
program. Besides the lower price compared to solutions provided by the
manipulator manufacturer, this new motor control has the advantage of
easier integration with the previously-described LabView measurement
program. For all measurements, the motor positions were recorded and
(in principle, though without final integration) automatized control of the
sample position through the measurement program became feasible. This
recording enabled features such as the creation of maps of a sample by
automatized scanning and evaluation of absorption edge jumps. The home-
made x- and y-motor supports additionally use highly accurate gauges of
type Mahr MarCator 1086 R to encode the exact position of the manipulator.

The features of the motor control are:

• Highly accurate control of motor positions

• Driving shortest way (for circular movement of manipulator)

• Persistent motor positions (no need for repeating reference drives and
readouts)

• Automatic read-out and recalibration through x/y axes gauges

• Safety by reading sample current using a Keithley (stop when current
overflows, occurs when the sample touches the chamber and the
amplifier is in a sensitive range)

• Continuous logging of every motor position, saved among others by
the measurement program.
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Figure B.3: Motor control LabView program used with the home-made UHV
chamber to control all five axes.
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