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Kurzfassung

Der notwendige Wandel zu erneuerbaren Energiequellen geht Hand in Hand mit passenden
Energiespeicherlosungen. Molekulare solarthermische (MOST) Systeme kombinieren die
Nutzung von Sonnenenergie mit der unmittelbaren Speicherung der gewonnenen Energie in
chemischer Form. Durch Bestrahlung wird eine energiearme Verbindung in ihr energiereiches
Photoisomer umgewandelt, wobei die gespeicherte Energie bei Bedarf katalytisch freigesetzt

werden kann.

Das Molekiilpaar Norbornadien (NBD) und Quadricyclan (QC) erscheint vielversprechend
fir MOST-basierte Anwendungen. Eine geeignete Derivatisierung des Molekilgerusts
ermoglicht die Optimierung der Umwandlungs- und Speichereigenschaften. Die Uberlappung
des Absorptionsprofils von NBD mit dem Spektrum der Sonne bestimmt insbesondere die
Gesamteffizienz und erfordert neuartiges Molekildesign. Dabei ist nicht nur die Ausbeute der
Photoumwandlung von NBD zu QC fir die generelle Anwendbarkeit entscheidend, sondern es

sollte auch die Riickreaktion von QC zu NBD auf kontrollierte und effiziente Weise erfolgen.

Im Rahmen dieser Arbeit wurden verschiedene 2,3-disubstituierte NBD-Derivate und
deren dazugehorige QC-lsomere auf modellkatalytischen Oberflachen (Pt, Ni, Au) mittels
Synchrotronstrahlung-basierter Rontgenphotoelektronenspektroskopie (XPS) untersucht. Im
Einzelnen umfasste die Derivatisierung Cyano-Gruppen, Phenylester-Substitution und Ester-
substituiertes oxa-NBD/QC unterschiedlicher GroRe. Aus Untersuchungen der Adsorption bei
niedrigen Temperaturen und anschlieBenden Temperatur-programmierten Experimenten
konnten Informationen Ulber die jeweiligen Systeme auf molekularer Ebene gewonnen
werden, welche Riickschlisse auf thermisch-induzierte Oberflachenreaktionen erlaubten. Der
Schwerpunkt wurde auf die Bedingungen und den Umfang der energiefreisetzenden
Cycloreversion-Reaktionen der QC-Derivate gesetzt, womit die Realisierbarkeit der verschie-

denen Kombinationen aus Molekiilen und Katalysatoren beurteilt werden konnte.




Abstract

The indispensable transition to renewable energy sources goes hand in hand with appropriate
energy storage solutions. Molecular solar thermal (MOST) systems combine the utilization of
solar power with the direct storage of the gained energy in a chemical manner. Upon
irradiation, an energy-lean compound is converted into its energy-rich photoisomer, whereby

the release of the stored energy can be catalytically triggered on demand.

The molecule pair norbornadiene (NBD) and quadricyclane (QC) appears promising for
MOST-based applications. By suitable derivatization of its molecular framework, the
conversion and storage properties are optimized. In particular, the overlap of the absorption
profile of NBD with the solar spectrum defines the overall efficiency and requires novel
molecular design. Not only the photoconversion yield from NBD to QC is essential for the
general applicability, but also the back reaction from QC to NBD must occur in a controlled

and efficient way.

In this thesis, several 2,3-disubstituted NBD derivatives and their corresponding QC
isomers were surveyed on model catalyst surfaces (Pt, Ni, Au) by synchrotron radiation-based
X-ray photoelectron spectroscopy (XPS). Specifically, the derivatization included cyano
moieties, phenyl-ester substitution, and ester-substituted oxa-NBD/QC of various size.
Investigations on the adsorption at low temperatures and subsequent temperature-
programmed experiments allowed for information on the respective systems on the
molecular level, which enabled the deduction of thermally induced surface reactions. The
focus was set on the conditions and the extent of the energy-releasing cycloreversion
reactions of the QC derivatives, by which the feasibility of the different molecule and catalyst

combinations was assessed.
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INTRODUCTION

1 Introduction

“Conservation means development as much as it does protection. | recognize the
right and duty of this generation to develop and use the natural resources of our
land; but I do not recognize the right to waste them, or to rob, by wasteful use,

the generations that come after us.”

— Theodore Roosevelt, New Nationalism (1910)

The environmental, economic, and social consequences of climate change are attributable to
anthropogenic contributions to the atmospheric warming.'®! Already in 1896, Arrhenius
stated a direct link between the ground temperature and the concentration of CO; in air.l”- &
With a relative increase of 1.5% in comparison to the preceding year, the global CO; emissions
accounted for 36.1 billion tons in 2022; the largest fraction of this breaks down into power
production (39.3%), followed by the industry sector (28.9%), transportation (21.9%), and
residential consumption (9.9%).°! While the energy consumption rate was about 13.5 TW at

the beginning of this century, an estimate of 43.0 TW is predicted for the year 2100.10

Average air temperature (Germany)
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Figure 1.1: Development of average air temperature in Germany since 1881; the increase of the mean value is
indicated by the fit of the data. Figure created with permission and data from Fraunhofer ISE.*!
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This ever-growing energy demand has to be satisfied in a climate-neutral manner in order to
counteract the current temperature rise; Figure 1.1 clearly illustrates the increase of the mean
value of the average air temperature in Germany since the beginning of the weather records
in 1881. International attempts, such as the Paris Agreement of 2016*?! and beyond,!*3! aim

to limit the emission of greenhouse gases and mitigate the impacts of climate change.!*42¢!

The primary energy consumption in Germany in 2022 comprised only 17.2% of renewable
energy sources, whereas more than 78% was supplied by fossil fuels (i.e., mineral oil, natural
gas, hard coal, and lignite).[*”] Next to the depletion of hydrocarbon-based energy sources,*®!
their phasing-out is tightly interwoven with climate changel*® and improves the air quality,!?”
with associated health benefits.?!! At the same time, the utilization of nuclear power takes
only a minor share due to safety concerns and economic reasoning,’??! and has currently no
prospect in Germany.!?3! Therefore, the structural transition to renewable energy sources is

indispensable to accomplish a carbon-neutral infrastructure.24 2!

Annual solar share of total electricity generation in Germany
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Figure 1.2: Depiction of increasing annual solar share of total electricity generation (public and industrial power
plants) in Germany since 1990. Figure created with permission and data from Fraunhofer ISE.[*Y]

In a global perspective, the use of solar energy appears most viable, as the total solar
irradiance is at least 1360.8 W m~2,2% exceeding the worldwide power demand by far. The
utilization of solar power requires suitable conversion technologies, which can take the form
of a solar fuel in a thermal or electric manner, using different materials.l?” 28! Especially, the
field of photovoltaics, including silicon-based?®! and organic solar cells,®” led to large-scale

applications. Substantial advances have been achieved,!! resulting in enhanced efficiencies
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of up to 26.8% for silicon single-junction cells.3? As a consequence, the annual solar share of
the total electricity generation in Germany increased from virtually zero to above 10% in the
course of the last 20 years (see Figure 1.2). Still, there are technical limitations and intrinsic
and external hindrances, e.g., the effect of temperature, dust, humidity, and shading on the
overall performance;®3 moreover, the thermal stability and the degradation over time,

leading to an expanding source of hazardous waste, have to be addressed.3*

However, the main drawback of solar energy is the intermittent character of its power
flux; this issue also concerns other renewable energy sources, inter alia, onshore and offshore
wind energy, unlike to the constant base load, generated by nuclear power or fossil fuels on
demand.3! The diurnal pattern of solar power is illustrated in Figure 1.3, in which its average
total net electricity generation is compared to the load during a calendar week in Germany in

2022.

Average total net electricity generation (Germany, 2022)
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Figure 1.3: Visualization of fluctuation and mismatch of generated solar power and load during one week; the
values are averaged for 2022 in Germany. Figure created with permission and data from Fraunhofer ISE.[*!]

Self-explanatory, solar power peaks around midday, matching the highest energy demand
throughout a day, whereas the second apex of the load in the evening hours does not coincide
well. Besides, geographical factors influence the availability of solar power, and weather and
seasonal effects restrict its utilization, predominantly in the winter months. As a result, the
emerging mismatch between energy supply and consumption gives the necessity of energy
storage solutions, in which the surplus of energy is stored and then released at will in energy-
deficient periods.3® 37 For this purpose, battery technologies are well-developed and readily

available.[33%% Yet, environmental and safety aspects arise during production, operation, and

3
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recycling of many types of batteries, which depend on the general composition and the
respective cycle life;*! these challenges also involve the depletion of natural resources, and
affect the ecological and social sustainability.[*> 3 Alternatively, novel and complementary

concepts for energy storage in chemical compounds are therefore proposed.!4 4!

One such new approach are so-called molecular solar thermal (MOST) energy storage
systems, #6561 in which the direct light harvesting and storing of the gained energy is possible
in single-photon single-molecule processes. MOSTs are based on couples of photoisomers,
representing a discharged and loaded energy state. The irradiation with light of suitable
wavelengths causes a conversion reaction to a higher-lying metastable energy state, e.g., in
form of a strained molecular framework. Triggering the back reaction to the initial isomer, in
a catalytic, thermal, or electrochemical manner, then releases the stored energy on demand,
i.e., the energetic difference between both molecules. Thus, the formed photoswitchable
systems make use of the light-induced rearrangement of chemical bonds. In literature, various
compound classes have been suggested as potential energy storage materials: among others,
the (E/Z)-isomerization of stilbenes®’®% or azobenzenes!®-%¢! and derivatives thereof, the
formation of anthracene dimers,[®% or the interconversion of organometallic fulvalene-
tetracarbonyl-diruthenium complexes!’%74 are reported. This thesis focuses on the chemistry
of norbornadiene (NBD) and its energy-rich counterpart quadricyclane (QC)7>7?! (see

Scheme 1.1), as this molecule pair exhibits the most promising properties.

cycloreversion

under energy release

AN

R
Norbornadiene (NBD)

Scheme 1.1: Overview of the energy storage in a molecular solar thermal (MOST) system; in a photoconversion
reaction, the energy-lean norbornadiene (NBD) is converted into the strained quadricyclane (QC), whereas the
back reaction under energy release is triggered thermally or catalytically.

For the general feasibility of MOST applications, several requirements have to be
fulfilled:[3%-82 First of all, the energy storage density of the considered molecular system should

be maximized; for this reason, a highly exothermic reaction profile in combination with a small

4
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molar mass is favorable. For the unsubstituted NBD/QC pair, a reasonable storage density of
0.97 M] kg~ is achieved, as the reaction enthalpy amounts to 89 k] mol™! at a mass of
92.14 g mol1.183-%] Besides, for the photoconversion into the strained isomer, a high
quantum vyield and the sufficient overlap of the parent compound with the excitation
wavelengths is essential; since the spectral distribution of the direct solar radiation has the
highest intensities between 300 and 800 nm (peaking at ~500 nm),®® according absorption
features are necessary in this range for an efficient utilization of solar power. Moreover, the
conversion must exhibit a photochromic character, i.e., the energy-rich photoisomer must not
absorb visible light to a greater extent in order to avoid unwanted photo-induced follow-up
reactions. The quantum yield of NBD to QC is only about 5%;®” however, the use of
appropriate photosensitizers,!’” 890 which should not be quenched in the system,®Y gives
values close to unity, e.g., above 90% for acetophenone.’? The photoconversion works
thereby through triplet sensitization from the sensitizer to NBD.!*> ®4 Further, the isomer-
ization can be facilitated catalytically by semiconductor materials!®> °®! or transition metal
complexes.®” %8 Concerning the absorption behavior of NBD, unfortunately, there are no
significant contributions to wavelengths above 300 nm;"®® 1% instead, its absorption onset is
found at 267 nm.!"%1 Nonetheless, through derivatization of the NBD framework, the desired
bathochromic shift of the absorption bands towards lower energies can be achieved.
Numerous derivatives have been suggested and surveyed in literature, whereby some
examples will be listed later in the text. In general, there is a trade-off between overlap of the
absorption features with the solar spectrum and the molecular weight of the compounds.
Recently, also a dependence of the absorption and conversion processes on solvent effects
was described.l1%?l Regarding the overall efficiency, the storage densities should exceed that

of solar water heating (0.2 MJ kg~ for AT = 50 K) to be a useful MOST system.!””]

There are also a number of criteria for the energy-releasing cycloreversion reaction from
QC back to NBD. Naturally, both molecules need to be stable over a long period; in particular,
the half-life of the metastable QC isomer is essential. The Woodward—Hoffmann selection
rules for concerted cycloaddition reactions!*® 1% state the back conversion to NBD as a
formally forbidden [x2s + x2s] ring opening.[!%! This explains the observed high activation
barrier of roughly 140 kJ mol=1,11%I resulting in an unexpected high stability of the strained
QC (t;, > 14 h at 140 °C).1"07 1081 A5 the energy release must only occur readily when

required, the likelihood of spontaneous back reactions to the released isomer should be

5
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minimized, i.e., a high resistance of the energy-rich compound to storage under increased
temperatures or the exposure to visible light sources. Self-evidently, a quantitative conversion
without the formation of by-products is necessary for both isomerization reactions. A closed
energy-storage cycle, with the operation of as many charge and release steps as possible, is
prerequisite both for economic aspects and sustainability reasons. This comprises a minimized
degradation over time and the prevention of catalyst fouling. Moreover, as for any large-scale
process in chemistry, the turnover numbers and the development of the involved
infrastructure should be optimized, including availability, costs for syntheses, transportation,
and environmental considerations. All in all, the introduced NBD/QC molecule pair appears
promising to meet the, in part contrasting, requirements for potential MOST energy storage

materials.

The synthesis of the first NBD derivatives dates back to the introduction of the Diels—Alder
reactions in the first half of the last century.[*%®! In 1951, the formation of unsubstituted NBD
from acetylene and cyclopentadiene was described in a patent by Hyman.[2% Thereafter, the
reactivity of bridged polycyclic compounds was explored™!* 112 and synthetic routes of NBDs
became available.['?3 114 Since QC was not accessible through chemical preparation,>-117]
photochemical approaches**®! yielded the discovery of QC derivatives.®® 1% The photo-
conversion to unsubstituted QC was achieved in an analogous way, 2% facilitated by the use
of appropriate sensitizers.['%”l As outlined before, the insufficient absorption of NBD in the
visible light range led to a plethora of derivatives with a redshift of their absorption onset.
Different molecule classes are defined according to their substitution pattern. As compared
to tetrasubstituted molecules, disubstituted derivatives seem encouraging due to their lower
molecular weight in comparison. In addition, the functionalization of the bridgehead
demonstrated to increase quantum yields and kinetic stabilities.[*2! Further, hetero-NBDs are
expected to display enhanced storage profiles*??) and are synthetically well-known.[*23! Other
systems consist of an array of linked NBD units*?* 12° or employ different MOST molecules in

hybrid compounds.!126- 127]

In particular, substitution with electron-donating and -withdrawing moieties are of
interest due to the formation of push-pull systems by extension of the m-conjugation or
through-space interactions. Overall, the symmetricl8% 100 1281 35 well as asymmetric 2,3-
disubstitution of NBD gave numerous derivatives with advantageous properties for possible

MOST applications. Especially, Moth-Poulsen et al. promoted this area of research in the

6
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course of the last years.[10% 102, 129-133] Eor the assessment of suitable derivatives, quantum
mechanical modelling gives important predictions of desirable trends. Next to first-principle
calculations to gain specific insights into optical and thermal properties of the proposed
molecules, 34 a screening of kinetically stable derivatives of a vast number of NBD compounds

is possible by means of tight binding methods!*3*! and machine learning-based techniques.[*3¢!

Not only a sophisticated molecular design of NBD is crucial but also the control of the
energy release. The energetic barrier for the back conversion of the energy-rich QC can be
overcome in a thermal way. Early investigations on this caloric pathway!*%! yielded the
respective heat of isomerization.®3 However, since the stored energy is generally needed in
energy-deficient periods, heat as trigger reduces the overall efficiency. The rearrangement of
cyclic organic molecules*3”) is also catalyzed by the use of various transition metals in
solution, % 1381 influenced by diverse ligands.*3®! Hereby, different intermediate states4”
facilitate the isomerization, e.g., the resulting complexation changes the symmetry constraints
during the concerted reaction;**! furthermore, oxidative-addition pathways!**?! and Lewis
acid type of reactions!**3! are described. The cycloreversion to NBD can also be initiated in an
electrochemical way. Upon oxidation of QC (0.91 V vs. SCE),[***! the energetic barrier for the
interconversion between the radical species is lowered drastically.[*4> 146l Yet, the proceeding
redox-mediated chain reaction®*”! leads to unwanted side reactions and electrode fouling.[*4!
This lack of control in the mechanism is approached in photoelectrochemical experiments in
a well-defined environment. Eventually, by appropriate coupling of the MOST system to a
suitable semiconductor electrode, it might become possible to gain the stored energy in form

of electricity instead of heat.14°]

Although a process analysis in 1983 proved the general technical feasibility of NBD/QC as
MOST energy storage solution, economic assessments stated insufficient profitability,
primarily due to low collector efficiencies.l’® Nevertheless, advances in molecule and catalyst
design tackled the intrinsic limitations of the system, whereas a simulated efficiency limit of
up to 21% was estimated.[**"! That is, improvements in the macroscopic heat release were
achieved,**153] which could be used for thermal power processes in industry or domestic
heating. A maximum temperature gradient of 63 °C has been reached so far, whereupon
corresponding outdoor testing demonstrated the proof of concept under operation
conditions.*>3! Aside from that, for example, Dreos et al. developed high-performing NBD

derivatives, which absorb up to 10% of the incoming solar light and still display high storage

7
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densities (up to 577 kJ kg~1); besides, their viscosities enable a pumping without the use of
additional solvents.l'3! Depending on the technical adaptions, the incorporation of NBD
derivatives into processable matrices is also possible, creating energy storage coatings, e.g.,
for window tinting!*>* or UV shielding.[*>>! Hybrid concepts combine MOST molecules with
solar water heating systems!*>®! or phase-change materials!*>”! to increase the efficiencies for
short- and long-term energy storage. In combination with a microfabricated thermoelectric
generator, the released heat of a MOST system can also be directly transformed into

electricity, giving power densities of up to 1.3 W m ™3 in first laboratory-scaled devices.*>®!

In total, the synthetic possibilities allow for various potential implementations, as the
derivatives now feature absorption profiles towards 590 nm, high storage densities of up to
250 Wh kg~1, and adjustable storage times (1h to 18 years) as needed.’® In addition, the up-
scaling of NBD syntheses was shown to be viable using continuous flow chemistry.[*>®! In order
to fulfill individual requirements of NBD-based devices, an understanding of the particular
systems on the molecular level is necessary. Fundamental research helps in the assessment of
different molecule and catalyst combinations, supports the search for further design, and
promotes the specific optimization of single parameters. The utilization of heterogeneous
catalysis concepts is preferential for the transition to large-scale applications. Next to a
straightforward separation of the reaction product, the facile recycling and the wide range of

applicable catalyst materials is of advantage.

Surface science techniques deliver mechanistic insights into the occurring phenomena at
interfaces, necessary for improvements of the catalytic activity.[*®” Experiments in ultra-high
vacuum are conducted under controlled and ordered conditions, from which, ideally, the
knowledge transfer to more complex real-life scenarios is achievable. In this context,
information on the energy release during the cycloreversion from the respective QC to NBD is
obtained. Moreover, adsorption and desorption processes of the molecules are investigated,
the interaction strength with the surface determined, and thermal stability limits and decom-
position pathways identified. Scheme 1.2 illustrates the catalytic cycle utilizing a single crystal
surface as heterogeneous catalyst: (1) The photoconversion of NBD to QC stores the solar
energy in a chemical manner, (2) the energy-rich QC is adsorbed onto the catalyst material,
(3) the energy-releasing cycloreversion reaction is triggered yielding NBD on the surface, and
(4) the desorption of the energy-lean NBD from the catalyst for an ideal total reversibility and

closed energy storage and release cycle.

8
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Scheme 1.2: lllustration of the molecular pair NBD/QC in heterogeneously catalyzed applications: (1) Solar power
is harvested through the isomerization of energy-lean NBD into energy-rich QC. (2) The adsorption onto a suitable
catalyst surface enables the (3) cycloreversion reaction back to NBD, whereby the stored energy is released on
demand as heat. (4) Subsequent desorption of NBD gives ideal reversibility of the cycle.

First surface science investigations of NBD were carried out by Muetterties et al. on
Pt(111), on which a high sticking coefficient was determined and the evolution of hydrogen
and benzene was detected, when heating to temperatures above 520 K.[*6Y The regioselective
removal of the bridging carbon was concluded, as the incorporation of the CH; bridgehead
into the desorbing benzene molecules was excluded in experiments with isotopic labeling.[*6?!
Infrared reflection absorption spectroscopy measurements of the same system by Hostetler
et al. indicated an unexpected 1n%:n?! adsorption geometry upon adsorption at 130 K. Hereby,
only one C=C double bond coordinates to the surface, while the CH, bridgehead forms an
agostic interaction with the platinum surface. At elevated temperatures above 260 K, the
cleavage of this agostic C-H bond takes place, yielding a norbornadienyl species that is stable
until 450 K. As reported before, the thermally induced decomposition gives benzene and
hydrocarbon fragments on the surface via a retro-cyclization.[*®3 Bauer et al. confirmed the
previously found adsorption geometry of NBD on Pt(111) in a subsequent combined surface
science study, supported by DFT calculations. In addition, the surface chemistry of QC was
investigated for the first time directly. The multimethod approach of XPS, UPS, and IRRAS

determined a high catalytic activity of platinum for the cycloreversion reaction, so that all QC




INTRODUCTION

is instantly converted to NBD upon contact with the surface. Temperature-programmed
experiments supported the formation of norbornadienyl above 190 K, with a comparable
stability range; however, this time, no benzene and methylidyne was detected as reaction
product at higher temperatures.[*®*! Besides, a comprehensive electrochemical character-
ization of NBD/QC was conducted, whereby IR experiments using Pt(111) as working electrode
showed the reaction rates to be potential-dependent.l**! Photoelectrochemical IRRAS
investigations followed the light-induced conversion to QC, with the use of the sensitizing
Michler’s ketone, as well as the electrochemically triggered back reaction to NBD, again on a
Pt(111) electrode. Thereby, a high selectivity for both isomerization reactions was stated after

quantification of the results.[*6!

The molecule pair NBD/QC was also surveyed on a less reactive Ni(111) surface, on which
a flat binding motif (n?n?) of NBD was suggested by DFT and supported by NEXAFS
measurements. Synchrotron radiation-based XPS and UPS spectra enabled a spectroscopic
distinction of both valence isomers on nickel upon adsorption at 120 K. The energy-releasing
cycloreversion reaction occurred, in contrast to Pt(111), in a controlled manner when heating,
and was completed at 175 K. A comparable decomposition onset was monitored at 190 K,
yielding benzene and methylidyne species and, above 300 K, C-H fragments and carbide.[2%®
Follow-up studies of 2,3-dibromo-NBD/QC on Ni(111), as first model system of simple
derivatives, indicated the partial dissociation of the bromine moieties during exposure to the
surface. Adsorption geometries were likewise resolved by DFT calculations, whereas
spectroscopic findings indicated the conversion from QC to NBD derivative at 170 K. Yet, due
to the less stable C-Br bond, the reaction towards parent NBD was proposed to a significant
extent. Above 190 K, the decomposition pathways were analogous to unsubstituted NBD on

Ni(111).167)
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In this thesis, the surface chemistry of norbornadiene (NBD) and quadricyclane (QC)
derivatives is investigated by synchrotron radiation-based X-ray photoelectron spectroscopy
(XPS). The adsorption of newly-designed molecules on single crystal surfaces, Ni(111) and
Pt(111), or a prepared gold film was followed in situ, whereby the spectroscopic fingerprints
of the respective isomers were identified. When possible, the adsorption geometries were
determined, or probable binding motifs proposed, and the interaction strength with the
surface assessed. Temperature-programmed XPS experiments (TPXPS) allowed for the
deduction of reaction pathways of both QC and NBD derivatives. Next to the evaluation of the
feasibility as MOST system, through the successful observation of the cycloreversion reaction
from the energy-rich to the energy-lean released molecule, information on thermal stability

boundaries, desorption processes, and decomposition reactions was gained.

In the following, Chapter 2 gives a brief introduction into the fundamentals of the applied
methodology, with the focus set on the basics of X-ray photoelectron spectroscopy as surface
science technique (Chapter 2.1), and a general description of synchrotron radiation (Chapter
2.2), as all data were acquired at a corresponding facility. The experimental setup is described
in Chapter 3, whereby the used “synchrotron apparatus” (Chapter 3.1) and the functionality
of a hemispherical electron energy analyzer (Chapter 3.2) are addressed, after which the data
evaluation (Chapter 3.3) is illustrated. The results of the publications are presented in
Chapter 4, with a listing of the single author contributions (Chapter 4.1). The molecule pair
2,3-dicyano-substituted NBD/QC, (CN).-NBD/QC, on Ni(111) is discussed in Chapter 4.2,
supported by DFT calculations. Thereafter, the promising asymmetrically derivatized
2-carbethoxy-3-phenyl compounds, phenyl-ester-NBD/QC (PENBD/PEQC), are surveyed on
different surfaces; specifically, the comparison between Pt(111) and Ni(111) is shown in
Chapter 4.3. In a collaboration, the high activity of a gold surface for the conversion of PEQC
to PENBD was confirmed in XPS and IRRAS measurements (Chapter 4.4). The first surface
studies of hetero-NBD derivatives on Pt(111), namely ester-derivatized oxanorbornadiene
(oxa-NBD), in particular, 2,3-(bismethylester)-oxa-NBD (O-NBD) and 2,3-(bisbenzylester)-oxa-
NBD (exO-NBD), and their respective photoisomers (0-QC/ex0-QC) are subject of Chapter 4.5.
Chapter 4.6 refers to the review article on surface science studies of NBD/QC molecules.

Finally, the main findings are summarized in English (Chapter 5) and in German (Chapter 6).
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2 Fundamentals

2.1 X-ray Photoelectron Spectroscopy (XPS)

The surface chemistry of the considered molecules was investigated using X-ray photoelectron
spectroscopy (XPS) as primary method in this thesis. By means of this photoemission
technique, the elemental composition can be identified in a quantitative manner. Moreover,
information on the chemical environment is accessible, so that XPS is also referred to as
electron spectroscopy for chemical analysis (ESCA).[%81 Utilizing synchrotron radiation (see
Section 2.2) yields spectroscopic data with high resolution and surface sensitivity with short
acquisition times. Thereby, adsorption processes are observable in situ, while the thermal

evolution is monitored in temperature-programmed XPS (TPXPS) experiments.[16°]

As implied by its name, XPS is based on the photoelectric effect, which describes the
emission of electrons upon interaction of electromagnetic radiation with matter. Histori-
cally,17% 1711 in 1887, Hertz was the first to discover that light facilitated spark formation
between metal surfaces.['’?l The subsequent experimental systematization was carried out,
inter alia, by Hallwachs*3! and Lenard.[’# 1751 |n 1905, Einstein gave a quantum mechanical
explanation,!*’®! wherefore he received the Nobel Prize in 1921. The technical advances,
especially promoted by Siegbahn and his group,*77-189 unveiled the potential as powerful
spectroscopic analysis tool. Having developed instruments with sufficiently high resolutions
for feasible measurements, the Nobel Prize was awarded to Siegbahn in 1981. Further
technical improvements extended the application fields of XPS, such that it is nowadays a
widespread and indispensable method in various scientific disciplines; detailed descriptions

are found in associated literature.[181-191]

The basic principle of XPS comprises the measurement of the kinetic energy Ey;, of the
emitted photoelectrons. Due to energy conservation, the following simple relation is deduced
for the photoelectric emission, valid if the energy of the irradiating light hv is high enough to

release the bound electron:

Eyin = hv — Ep , (2.1)
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where h is the Planck constant, v the frequency of the light, and E the binding energy of the
electron; here, the vacuum level is the reference for the energies, as applicable for free atoms
and molecules. Considering solids, the electronic properties are defined by the Fermi level, to
which the energies are then referred to. The resulting equation for the binding energy is

consequently:

Ep = hv — Eyins — @5, (2.2)

with ¢5 as work function of the sample, i.e., the energetic difference between the Fermi level
and vacuum; this value is specific for the particular specimen and often difficult to determine.
However, by conductively connecting the sample and the electron energy analyzer, the Fermi
levels align. The kinetic energy is measured within the analyzer with a distinct work func-

tion ¢4, which is accessible by suitable calibration.

E)\

Analyzer Sample

Scheme 2.1: Depiction of the energetic levels during an X-ray photoelectron spectroscopy measurement: The
incoming photon possesses an energy of hv, while Ez describes the binding energy of the electron; the Fermi
levels Er of the analyzer and sample align; due to different work functions @, the vacuum levels of analyzer and
sample differ by /@4 —®s/ resulting in the respective kinetic energies of the photoelectron Eji,.

Therefore, the binding energy is obtained as:

Ep = hv — Exina — ¢4 - (2.3)
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The schematic measurement arrangement and its corresponding energy landscape during the
photoemission process are illustrated in Scheme 2.1. Since the emission of an electron leads
to an ionization of the system, the energetic difference between initial neutral state and the

charged final state has to be considered for the binding energy:[*¢3!

Eg = EN71(final) — EN (initial) , (2.4)

whereby N amounts to the number of electrons in the system; the convention denotes a
positive value as bound state. In a simplified assumption, according to the Koopman’s
theorem,*®? the remaining electrons do not react to the formed core hole (frozen orbital
approximation); in this case, the binding energy corresponds to the negative Hartree-Fock
orbital energy. More realistic approaches include these interactions, which yields an energetic

relaxation of the orbitals giving generally lower apparent binding energies, as follow:

Ep = Ey — Er — E¢, (2.5)

so that the experimentally measured binding energy Ey is composed of the subtraction of
relaxation contributions Er and correlation terms between initial and final state E; from the
Koopman'’s energy Ej. In molecules or for solids, in addition, extra-atomic relaxation effects
AELr might be considered, e.g., the additional polarization screening or charge transfer by
neighboring atoms. Either way, the formation of core holes causes two competing follow-up
processes, depending on the atomic number and binding energy of the emitted electron. In
this way, the lifetime of the core hole determines the natural linewidth in XPS, as a
consequence of the uncertainty principle;*®3! note that the measured peak shape is also
broadened by instrumental factors, discussed later in the text. For low binding energies of the
core hole, i.e., the K-shell decay for lighter elements (Z < 30), the occurrence of the Auger
decay is more probable. Here, one electron of a higher shell fills up the core hole, thereby
creating again a hole, and transfers the corresponding energetic difference onto another
electron that is then emitted with the remaining kinetic energy. The transitions are labeled by
the core hole level, the filling electron, and the emitting one; if the core hole and one electron
originates from the same shell, the term Coster-Kronig transition™®¥ is used, and super Coster-
Kronig for all three electrons coming from the identical shell, resulting in shorter half-lives of
the core holes. An additional effective potential is used to describe the Coulomb interaction
between the two core holes in the final state. The characteristics of the Auger effect are

utilized in a separate spectroscopic technique, named Auger electron spectroscopy (AES).[*%!
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In the case of higher initial binding energies and heavier elements (Z > 30), the phenomenon
of X-ray fluorescence takes place predominantly. The core hole is again filled by a higher-lying
electron, and the difference in energy is emitted as electromagnetic radiation, specifically,
X-rays this time. Derived X-ray fluorescence (XRF) methods*®® are commonly applied for

elemental analyses.

Since the measured binding energies are element-specific, XPS naturally provides
information on the chemical composition of a sample.[**”! Utilizing common excitation
energies up to 2 keV, in the soft X-ray range, the first electron shells are readily accessible for
the majority of elements; in particular, the K-shell, i.e., the 1s core level region, is oftentimes
of interest for lighter elements. However, not only knowledge about elemental concentrations
is gained, but XPS is also sensitive to the chemical state of the considered atom and its
surrounding. The resulting variation in the binding energies AE ., referred to as chemical
shift,198 199 can be resolved with sufficient energy resolution and allows for the spectroscopic
distinction of different chemical species. Contributions prior to the photoemission event are
so-called initial state effects, which include the reaction of core level orbitals to changes of
the charge density distribution, thus, being primarily influenced by the local chemical
environment of the atom that is emitting the photoelectron. Next to the oxidation state, the
specific bonding situation, and the electronegativity of adjacent atoms are decisive.
A prominent example is the XP spectrum of ethyl trifluoroacetate,?° in which a clear
separation of the peaks associated to the four carbon atoms is visible and the assignment to
the different moieties within the molecular framework is straightforward due to their
chemical identity. Similarly, for surface atoms, the lower coordination yields a surface core
level shift (AEsc;s). Phenomena after the excitation of the photoelectron are named final
state effects and also influence the detected XP spectra. The relaxation, in form of an energetic
lowering of the system as a result of the formed core hole, was already described above. In
addition, multiple excitation processes are possible, since the initial and final state are not
eigenstate of the same Hamiltonian in photoemission leading to different final state
configurations.!?!) Most prominent are additional satellites in the spectrum at higher binding
energies. These originate from the initial ionization and the further simultaneous excitation of
another electron into higher-lying states (shake-up), or the emission of this second electron
resulting in a double ionization (shake-off).[2°?1 Moreover, vibrational excitations!?®®! cause

corresponding satellites, according to the Franck—Condon principle,?°4 and are especially
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applicable for the identification of small surface species by their vibrational signature.[°%!
Besides, molecular systems with unpaired spins consequently feature a multiplet splitting; in
solids, plasmonic excitation or that of electron-hole pairs can occur. Extrinsic losses on the
way to the detector, mainly through inelastic scattering, yield low-energy secondary electrons,
which account to a stepwise increase of the background towards higher binding energies. This
typical appearance of an XP spectrum is depicted in Figure 2.1, in which the survey spectra of
clean Pt(111) and Ni(111) surfaces with their labeled peaks are plotted. The expected binding
energies ranges for the in this thesis employed core levels, namely C 1s, N 1s, and O 1s region,

are highlighted.

In summary, XPS enables the precise chemical characterization of various specimen,
whereby the obtained data from molecules might even be deconvoluted to single atomic
contributions within the structure; in any case, the measured X-ray photoelectron spectra
serve as characteristic spectroscopic fingerprints of the investigated systems.

Kinetic Energy [eV]
150 200 250 300 350 400 450 500 550 600 650

Survey spectra of clean hv=650eV

— Pt(111) surface
— Ni(111) surface

Pt 41y, || Pt 4,

= b4 Pt 4ds,
'é \pg, ‘ Pt 4ds,
S, —— AN —— Pt 5p
> —_— 1
3 g 5 : |
g |2 3 g Ni 3p
< » » %]

o z $) )

Ni 3s
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Binding Energy [eV]

Figure 2.1: XP survey spectra of clean single crystal surfaces, Pt(111) and Ni(111), acquired at a photon energy of
650 eV; elemental peaks are denoted as well as regions (1s core level) of relevant adsorbate contributions
(carbon, nitrogen, and oxygen) highlighted.

Photoelectron spectroscopy (PES) methods are predestined for surface science research
due to their general advantage of a very high surface sensitivity,2°6! which is based on the
short inelastic mean free path of electrons. As charged particles, they exhibit strong

interactions with matter, reaching on average only a few atomic layers (5-30 A) before they
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lose their energy. A correlation between the inelastic mean free path and the kinetic energy
of electrons was established by Seah and Dench; their proposed universal curve, agreeing to
compilations of experimental measurements, displays a minimum at about 100 eV.[2%7]
Therefore, tuning the kinetic energy of the photoelectrons, applicable at synchrotron facilities,
enables the enhancement of the surface sensitivity. Besides, the detection angle ¥ influences
the information depth through geometrical reasoning. The attenuation obeys the Beer—
Lambert law, as follows:

—d
Ay (Egin) X cos(9) 1”

I =1, X exp (2.6)
whereby I, describes the initial intensity, d the escape depth, Ay, (Ex;,) the energy-dependent
inelastic mean free path of the emitted electrons, and 19 the detection angle with respect to

the surface normal.

Furthermore, XPS is inherently a quantitative method, since the measured intensities are
directly proportional to the atom density of an element within the specimen but are not
affected by its chemical environment.[2% 2991 |n theory, the signals can be derived by the
photoemission probability.[!8¢) However, the photoelectric cross section of the particular
orbital and the overall instrument response, including the detection efficiency of the
spectrometer and the angular asymmetry of the emission,!?!% additionally influence the count
rates. Similarly, the photon flux on the sample area has to be considered. In practice, the
calibration of the surface amount is performed by suitable reference measurements (see
Section 3.3), as some of these parameters are difficult to determine. Yet, attenuation of the
photoelectrons and the occurrence of photoelectron diffraction effects,211-253] je,, the
energy- and orientation-dependent scattering of the emitted electrons by neighboring atoms,
yielding intensity modulations, might lead to slight uncertainties in the determination of the
surface coverages. In total, XPS proved as suitable surface science technique to gain
fundamental information on molecular systems, so that the spectroscopic data acquired
within the scope of this thesis contributed to the elucidation of the surface chemistry of the

investigated organic molecules on single crystal materials.
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2.2 Synchrotron Radiation

As outlined in the previous Section 2.1, synchrotron radiation!?'*! features several advantages
and was thus utilized for the herein discussed measurements. Next to a large continuous and
adjustable energy range, especially its high intensity and spectral brightness, also referred to
as brilliance, is favorable, i.e., the photon flux per solid angle and unit area for a fixed relative
energy bandwidth (0.1%).2*>! Moreover, the generated radiation is extremely collimated,
monochromatized, and exactly calculable, with a defined degree of polarization and pulsed
time structure. Various specific experimental methods can be performed at synchrotron
radiation facilities,'*'®! e.g., near edge X-ray absorption fine structure (NEXAFS)?”] measure-
ments that require the scanning of the excitation energy. Likewise, XPS experiments benefit
from the enhanced light source under controlled conditions; as both spatial and spectral
resolution is increased, an improved signal-to-noise ratio is obtained, and the acquisition
times are significantly lowered. In addition, the tunability of the excitation energy enables the
optimization for the cross section of element-specific core levels as well as depth profiling due
to a variable surface sensitivity at different kinetic energies. Whereas the technical operability
of synchrotron radiation was already demonstrated in the middle of the last century, and the
progression of the specifications is still ongoing, the basic theoretical considerations date back
even further.28 2191 | the following, a brief description of the underlying physical principles

will be given.

According to electrodynamics, the acceleration of charged particles yields the emission of
electromagnetic radiation.??%! Here, non-relativistic particles display almost negligible power
outputs. For velocities close to the speed of light c, relativistic effects must be taken into
account, so that the radiation power S is expressed for circular acceleration as:??!]

q%c 1 E*

" 6mey (moc2)* RZ’

(2.7)

with the charge g and mass m, of the accelerated particle, the dielectric constant of the
vacuum &, the energy E, and the bending radius R of the trajectory. Formula 2.7 reveals the
strong dependence of the radiation power reciprocally on the mass and directly on the energy,

to the fourth power. Thereby, the use of electrons is not only reasoned by their comparably

18



FUNDAMENTALS

facile generation but also based on efficiency issues. Correspondingly, the energy loss AE per
each full turn is defined by:[??1

e? E*

380(m0C2)4 R

AE = ¢S dt = , (2.8)

whereby for high-energetic electrons, the value amounts to approximately:

E* [GeVv?]

_ [
AE [keV] = 88.5 R [m] (2.9)

For comparison, BESSY Il in Berlin is operated at a maximum energy of 1.7 GeV, whereby the
circumference of the booster synchrotron is 96 m and that of the affiliated actual storage ring

240 m. The general layout for synchrotron facilities is depicted in Scheme 2.2.
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Scheme 2.2: Representation of a synchrotron radiation-facility consisting of an electron gun with microtron, a
booster synchrotron as pre-accelerator, and the storage ring with corresponding insertion devices (see scheme
of a wiggler/undulator); experiments are conducted at the respective endstations.

Electrons, emitted by an electron gun, are first linearly pre-accelerated to several million
electron volts (MeV). Due to the oscillation of the electric field, the electrons are separated in
temporally shifted bunches, which are adaptable for particular applications (single-bunch or
multi-bunch modes). The acceleration to their expected energy is achieved in a dedicated
booster synchrotron, after which they are transferred to the outer storage ring. Here, the
operation in a quasi-stationary situation at a fixed energy is targeted, whereby the circular
path is formed by bending magnets that act a perpendicular force on the electrons. The above-
described energy decay through the emission of radiation and extrinsic scattering losses is
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compensated by energy gains from radio frequency (RF) electric fields; these cavities are
installed in the linear sections of the ring between the focusing and bending magnets. The
electron bunches exhibit lifetimes in the order of several hours. Additionally, regular injections

of electrons can be applied to keep the ring current constant (top-up mode).[22% 2231

Early synchrotron radiation sources only utilized bending magnets, whereby the large
opening angle leads to a horizontally spread emission profile, especially disadvantageous for
the requirement of small beam dimensions.!?2!! The next generation facilities employ insertion
devices (IDs), namely multipole wigglers and undulators,??*! for radiation production, which
are implemented between bending magnets that are still necessary for the deflection to a
circular beam. Using IDs, the resulting brilliance has been increased by multiple magnitudes.
The setup of a wiggler/undulator consists of an array of short dipole magnets with alternating
polarity; the field along the axis is characterized by the period length 4,, and the gap distance
g (see Scheme 2.2). The differentiation between a wiggler and an undulator is mainly
attributed to the maximum beam deflection from the axis ¢, i.e., the deflection angle per half
pole. By multiplication of this parameter with the beam energy y, the so-called strength

parameter K is obtained, as follows:[?1]

K=yxq=252u—0934B,[T] A, [cm], (2.10)

moc? 2m

where, in addition, e is the elementary charge, m, the particle mass, c the speed of light, and
B, the magnetic field. For K < 1, the insertion device is referred to as undulator, while values
of K > 1 describe wiggler magnets.[??%l The emission spectra of wigglers are the composed
superposition of the radiation of the individual poles, which number N thus determines the
enhancement factor.?*> In undulators, the oscillating beam deflection is much smaller
yielding more collimated radiation with higher brightness. For these conditions, also
interference phenomena of the source points of light generation affect the observed radiation
spectrum. Depending on the K-factor, only features of the fundamental peak and contri-
butions of the first few harmonics are produced. Therefore, in contrast to wigglers, coherent
light can be obtained for very small undulator parameters. Ideally, for a number of N periods,
the brightness of the undulator light is a function of N2,1224 with a spectral width proportional
to N™1.[219 A5 outlined in the beginning, emitted radiation is also polarizable by adjusting the
trajectory within the insertion device. According to requirements, next to linear polarization

in the horizontal plane, variable motifs, e.g., vertical or elliptical,’??* are possible. On the way
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to the endstation of a beamline, where the experiments are conducted, the synchrotron
radiation passes a monochromator and is eventually focused by a series of gratings, mirrors,

and slits to a certain spot size.[??°!

The numerous advantages of XPS experiments at a synchrotron radiation source were
specified above, so that the in situ measurements for this thesis were performed at BESSY Il
(Berliner Elektronenspeicherring-Gesellschaft fiir Synchrotronstrahlung mbH) of HZB
(Helmholtz-Zentrum Berlin fiir Materialien und Energie GmbH) in Berlin. For that, a
transportable UHV apparatus was connected to respective open port beamlines, whereby the

experimental setup is described in the next Section 3.1.
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3 Experimental Section

3.1 Synchrotron Apparatus

For all XPS measurements, a transportable custom UHV apparatus was utilized. Its initial
operation is described by Denecke et al.,?*”) whereby a detailed description of the setup and
characterization is given in the Ph.D. thesis of M. Kinne.??8] Mainly, the apparatus comprises
the requirements for applications at synchrotron facilities as well as experiments based on
laboratory sources. The overall layout is depicted in Scheme 3.1. Next to the separation into
an analysis and preparation chamber, supersonic molecular beam techniques are imple-
mented. In this way, time- and temperature-resolved investigations of surface processes are

possible by in situ measurements.

electron energy
analyzer

hv

3 stage molecular

beam
sample 21 stage
flag chamber
1st stage
apertures
beam flag

Scheme 3.1: Setup of synchrotron apparatus comprising the preparation chamber, analysis chamber (with
electron energy analyzer), and molecular beam chamber. Not true to scale; adapted from M. Kinne.[2%®]

A multi-stage vacuum pumping system generates and maintains ultra-high vacuum (UHV)
conditions that are necessary for a sufficiently high mean free path of the emitted
photoelectrons towards the detector, and to ensure clean substrate surfaces on the needed
timescale of the experiments. The analysis chamber is equipped with a hemispherical

photoelectron energy analyzer (EA 125 U7 HR, Omicron), a partial electron yield detector for
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NEXAFS (home-built),??*! and a quadrupole mass spectrometer (Prisma QME 200, Pfeiffer) for
residual gas analyses or temperature-programmed desorption (TPD) experiments. As the
apparatus is specifically designed for the operation at synchrotrons, a fluorescent screen
simplifies the rough adjustment of collimated radiation on the sample. Besides, the
attachment of a laboratory X-ray source (Mg & Al anodes) allows for measurements beyond
beamtimes. Moreover, the utilization of a gas discharge lamp gives radiation in the UV range,
e.g., employing He | emission. Separated by a gate valve, the preparation chamber houses an
ion sputter gun (IQE 11/35, Specs), low-energy electron diffraction (LEED) optics (ErLEED,
Specs), electron beam evaporators (Focus) for metal deposition, and a quartz crystal
microbalance (SQC-160, Inficon) in order to monitor the deposition rate; with these facilities,

cleaning of the surface and various sample preparation routes are feasible.

Arranged in an angle of 45° from underneath the analyzer, the supersonic molecular beam
achieves local sample pressures of up to1 X 10™° mbar, while still maintaining a low
background pressure by differential pumping. The adiabatic expansion of gases through a
molybdenum nozzle generates the beam, which is then aligned by a skimmer and apertures
on the way to the analysis chamber; a beam flag controls the on/off switching, and a sample
flag in the analysis chamber allows for indirect exposure of the sample. In addition, a regular
dosing system is connected to both chambers via a microcapillary array doser; for compounds
with very low vapor pressure, an evaporator for organic molecules can be attached directly at
the analysis chamber, yielding a facile exposure of the surface to the substances. Transferring
and positioning of the sample is possible through an xyz-manipulator, enabling the further
variation of both azimuthal and polar angle, i.e., rotary motion as well as tilting by up to 90°
of the sample holder; thereon, the crystals are mounted by affixed tantalum wires. Temper-
ature readings are provided by independent thermocouples (type K), spot-welded to the
sample. A cryostat reaches temperatures of about 95 K with liquid nitrogen cooling, whereas
heating is conducted resistively up to 1500 K. Hereby induced fields, however, deflect the
photoelectron paths, so that an additional bifiliar coiled tungsten filament behind the crystal
enables radiative heating with minimized disturbances; in this way, temperature-programmed

experiments were carried out up to 550 K.
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3.2 Hemispherical Electron Energy Analyzer

The utilized analyzer, EA 125 U7 HR, commercially available by Omicron, detects the
photoelectrons and determines their respective kinetic energy. The hemispherical setup of
the device is illustrated in Scheme 3.2. The general function principle will be sketched shortly,
whereby detailed considerations concerning the spectrometer design can be found else-

where,[230. 231]
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[
7 channeltrons | e—=
-
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G—Jf ------- -€ - -- - - slit
| N —
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Scheme 3.2: Drawing of the electron energy analyzer Omicron EA 125 U7 HR; adapted from M. Kinne. 228!

Basically, the dispersion of the photoelectrons follows the geometrical layout of the
electric field between the two concentric hemispherical electrodes. Depending on the kinetic
energy, the electrons are forced on certain trajectories, and thus filtered accordingly.?3? Only
electrons possessing a distinct pass energy Ep are focused along the equipotential surface,
when the following relation for the applied voltages V; and radii 7; of the hemispheres i is

fulfilled:[233!

1
AV:VZ_V:L:;EP (1’2/7‘1—1‘1/7'2), (3.1)

whereby e is the elementary charge. For this specific setup, the mean radius of the electron
trajectories amounts to 12.5 cm. Prior to entering the hemisphere, the photoelectrons,
emitted from the sample within the acceptance angle of the analyzer, are focused and
decelerated onto the entrance slit by a preceding lens system with a tunable magnification.

As deduced in Equation 3.1, electrons with the set pass energy Ep reach the middle exit slit
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and impinge on the channeltron (Burle) behind yielding a pulse of 107 to 108 secondary
electrons; this signal is amplified and processed further. For slightly lower or higher energies,
the trajectories of the electrons end at one of the outer slits. Here, the maximum energetic
difference is about 10% of Ep. Electrons with more deviating kinetic energies exhibit greater
deflections and are therefore not counted. The measurements were performed in constant
analyzer energy (CAE) mode, i.e., the value of the pass energy Ep is kept constant, so that the
energy range of the requested spectrum is obtained by scanning the retardation potential of
the lens system. Next to intrinsic and instrumental factors, the chosen pass energy and slit

sizes determine the total resolution.

3.3 Data Acquisition and Evaluation

All synchrotron radiation-based XPS experiments were conducted at BESSY Il of HZB during
multi-bunch top-up mode, at a constant ring current close to 300 mA. The in Section 3.1
described “Sync”-apparatus was used as end station at different open port beamlines, namely
UE56/2-PGM1, UE56/2-PGM2, or U49/2-PGM1, with their corresponding specifications.?34
The spectra were recorded in normal emission, i.e., in an angle of 0° with respect to the surface
normal, while the angle of the incident light was 50°. Depending on the beamlines, the
parameters of the gratings and slit sizes were adjusted as needed. The excitation energies (1°
or 3 harmonic) were chosen according to the core levels of interest, 380 eV for C 1s, 500 eV
for N 1s, and 650 eV for O 1s regions; normally, a CAE between 5 to 20 eV was used, yielding
following spectral resolutions: 150-180 meV (C 1s), 220 meV (N 1s), and 250 meV (O 1s). The
X-ray spot size was determined by experimental properties of the beamline, whereby the
sample was shifted to a new position after every acquired spectrum to avoid or minimize

beam damage or radiation-induced reactions due to the high photon flux of the synchrotron.

The thereafter presented experiments utilized a Ni(111) or Pt(111) single crystal (MaTeck)
as substrate. The removal of surface contaminations was achieved by ion bombardment (Ar*,
E=1.0keV, s ~2-10 pA), with subsequent annealing step to 1200 K for surface reconstruction.
Possibly remaining carbonaceous residues were eliminated by O, dosage (10-20 sccm, direct
or indirect) at 800-850 K and flashing to 1150-1200 K. Prior to each adsorption experiment,
the cleanness of the respective substrate was assured by XPS check spectra. For the

preparation of a well-ordered Au surface, a thin gold film was deposited on Pt(111) by
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calibrated evaporation of 30 A gold onto the crystal, followed by annealing at 770 K for 10 min;
this surface structure is known to behave in photoemission experiments equivalent to
Au(111).123>2371 The investigated organic molecules were synthesized and provided by the
Chair of Organic Chemistry Il at FAU in Erlangen. Freeze-pump-thaw cycles were carried out
as an additional purification procedure before their direct exposure to the catalyst surface
through the vapor pressure of the substances. Here, the final coverages of the various
molecules can vary slightly, since different pumping speeds, sticking coefficients, and

deviating base or dosing pressures complicate identical absolute exposures.

The adsorption at low temperatures between 110 and 150 K was followed in situ in
dedicated experiments, in which the base pressure-corrected exposure is expressed in
Langmuir [L], whereby 1L = 107 Torr X 1 5.1238 Thereafter, the corresponding temper-
ature-programmed experiments!®® 2391 were started with a linear heating rate up to 550 K,
having a typical value of § = 0.5 K /s, and above by resistive heating. The acquisition time of
one spectrum, determined by the binding energy range, the step size, and the dwell time, was

adjusted as required.

The data evaluation and calibration of the surface coverage is demonstrated in Figure 3.1,
whereby the software IGOR Pro 6.22A (WaveMetrics) was used for processing and presenting.
As outlined in the fundamentals (see Section 2.1), the XP spectra are “Fermi corrected” by
measuring and fitting the corresponding Fermi edge (insert in Figure 3.1a). The increase of the
base line towards higher binding energies (see Section 2.1) is treated with the subtraction of
a linear background (Figure 3.1b). Further applicable background corrections are described in
literature.240- 241 |n 3 series of spectra, the background intensity can vary due to damping or
decaying ring current, which is accounted for by rescaling the data to the first spectrum.
Finally, the analysis of the spectra is carried out in a quantitative manner by introduction of a
suitable fit model with single peak contributions to match the envelope of the measured data
points (Figure 3.1c). The broadening of the linewidths of the obtained signals is defined by
natural and instrumental factors (see Section 2.1). Since many effects lead to an asymmetry
towards higher binding energy side, a convolution of Doniach-Sunji¢ profiles’?*?l and Gaussian
functions is applied. In total, every fitted peak is characterized by its position, Gaussian width,

Lorentzian width, and asymmetry factor, with customizable constraints.

26



EXPERIMENTAL SECTION

¢(4x2) CO superstructure on Pt(111)
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Figure 3.1: (a) Measured XPS data of the c(4x2) CO superstructure on Pt(111) at low temperature (T = 120 K) at
beamline UE56/2-PGM1 (BESSY Il) after a dosage of 2.2 L (2 sccm, indirect); Fermi edge with according fit is
shown in insert. (b) Fermi corrected data points and corresponding linear background. (c) Reproduction of XP
spectrum (Fermi and background corrected) by suitable peak contributions of on-top and bridge site species.

The quantitative nature of XPS, as discussed in Section 2.1, gives the advantage to
ascertain the amounts of respective surface species. In practice, the reference to a system
with well-known coverage for the identical measurement setup is convenient. Thus, the
calibration factors were determined by means of following structures, whereby 1 monolayer
(ML) corresponds to one adsorbed atom per surface atom: A saturated graphene layer on
Ni(111)1243-2%%] contains two carbon atoms for every nickel atom resulting in a coverage of
2 ML. On Pt(111), the c(4%2) superstructure of carbon monoxide (CO)246-248] gccupies 0.5 ML,
with molecules adsorbed equally at on-top and bride sites?*°! (see Figure 3.1c). For molecules
containing heteroatoms, the nitrogen or oxygen coverage was defined by considering the
respective stoichiometric ratio of the chemical formula. Overall, the utilized experimental
setup allowed for high-resolution XPS data during adsorption and thermal evolution of

sophisticated organic compounds for potential energy storage applications.
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4 Results of Publications

In the following, the results of the accepted publications in terms of this cumulative thesis are
highlighted. Herein, the surface chemistry of differently substituted norbornadiene (NBD) and
guadricyclane (QC) molecule pairs as possible molecular solar thermal (MOST) energy storage

systems is addressed on model catalysts.

4.1 Contribution of the Authors

The described investigations follow initial studies of unsubstituted NBD/QC on Pt(111)!%* and
Ni(111),1*%¢) and of first derivatization with dibromo-NBD/QC on Ni(111)1*¢71 by U. Bauer. In
general, the acquisition of the measured XPS data at BESSY Il was achieved by support from
the co-workers within the synchrotron group of Prof. Papp. As the resulting journal articles,
labeled as [P1] — [P4] (see Appendix), originated from collaborations with other work groups,

a description of the single contributions is listed hereafter.

Journal Articles

[P1] Surface Chemistry of the Molecular Solar Thermal Energy Storage System 2,3-Dicyano-
Norbornadiene/Quadricyclane on Ni(111)

F. Hemauer, U. Bauer, L. Fromm, C. WeiB, A. Leng, P. Bachmann, F. Dill, J. Steinhauer,
V. Schwaab, R. Grzonka, A. Hirsch, A. Gorling, H.-P. Steinriick, and C. Papp

— https://doi.org/10.1002/cphc.202200199

Contributions:

Authorship, XPS measurements (supported U. Bauer), data evaluation, manuscript (except
DFT part); molecule syntheses by Chair of Organic Chemistry Il (Prof. Dr. A. Hirsch); DFT
calculations by Chair of Theoretical Chemistry (Prof. Dr. A. Gorling).

[P2] Surface Studies on the Energy Release of the MOST System 2-Carbethoxy-3-Phenyl-
Norbornadiene/Quadricyclane (PENBD/PEQC) on Pt(111) and Ni(111)

F. Hemauer, V. Schwaab, E. M. Freiberger, N. J. Waleska, A. Leng, C. WeiR, J. Steinhauer, F. Dull,
P. Bachmann, A. Hirsch, H.-P. Steinrtick, and C. Papp

— https://doi.org/10.1002/chem.202203759
Contributions:

Authorship, XPS measurements, data evaluation, manuscript; molecule syntheses by Chair of
Organic Chemistry Il (Prof. Dr. A. Hirsch).
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[P3] Au-Catalyzed Energy Release in a Molecular Solar Thermal (MOST) System: A Combined
Liquid-Phase and Surface Science Study

R. Eschenbacher*, F. Hemauer®, E. Franz, A. Leng, V. Schwaab, N. J. Waleska-Wellnhofer,
E. M. Freiberger, L. Fromm, T. Xu, A. Gorling, A. Hirsch, H.-P. Steinrtick, C. Papp, O. Brummel,
and J. Libuda

— https://doi.org/10.1002/cptc.202300155

Contributions:

Shared authorship, XPS measurements, data evaluation (XPS part), manuscript (XPS part);
molecule syntheses by Chair of Organic Chemistry Il (Prof. Dr. A. Hirsch); DFT calculations by
Chair of Theoretical Chemistry (Prof. Dr. A. Gorling); PEC-IRRAS and IRRAS parts by Chair of
Interface Research and Catalysis (Prof. Dr. J. Libuda).

[P4] Surface science and liquid phase investigations of oxanorbornadiene/oxaquadricyclane
ester derivatives as molecular solar thermal energy storage systems on Pt(111)

F. Hemauer, D. Krappmann, V. Schwaab, Z. Hussain, E. M. Freiberger, N. J. Waleska-
Wellnhofer, E. Franz, F. Hampel, O. Brummel, J. Libuda, A. Hirsch, H.-P. Steinrtick, and C. Papp

— https://doi.org/10.1063/5.0158124

Contributions:

Authorship, XPS measurements, data evaluation (XPS parts), manuscript (except PC-IRRAS
part); molecule syntheses by Chair of Organic Chemistry Il (Prof. Dr. A. Hirsch); PC-IRRAS part
by Chair of Interface Research and Catalysis (Prof. Dr. J. Libuda).

Review Article

[P5] The Norbornadiene/Quadricyclane Pair as Molecular Solar Thermal Energy Storage
System: Surface Science Investigations

F. Hemauer, H.-P. Steinriick, and C. Papp

— https://doi.org/10.1002/cphc.202300806

Contributions:
Authorship, manuscript.
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4.2 Dicyano-NBD/QC on Ni(111)P4

The derivatization of the norbornadiene/quadricyclane (NBD/QC) framework aims to optimize
efficiencies and energy storage properties, as described in the introduction. The feasibility of
promising molecular design on different catalyst materials is assessed by surface-sensitive
probes. Herein, synchrotron radiation-based X-ray photoelectron spectroscopy (XPS)
experiments were conducted to elucidate the surface chemistry of interesting NBD/QC
derivatives. The investigation of the molecule pair 2,3-dicyano-norbornadiene/quadricyclane,
(CN)2-NBD/QC, emerged as follow-up study of the spectroscopic characterization of first
NBD/QC derivatives, namely the 2,3-dibromo-substituted system, Br-NBD/QC.[*¢”! Since
latter molecules displayed partial dissociation upon adsorption on Ni(111), even at low
temperatures of about 115 K, a higher stability of the attached cyano moieties and controlled
energy release from the strained (CN),-QC to (CN),-NBD was anticipated. Moreover, in
comparison, the storage density is considerably higher due to a smaller molecular weight
(Mr=142.16), while the favorable redshift of the absorption onset of (CN),-NBD was
determined to be at least ~40 nm in relation to unsubstituted NBD.[%% 1001511 | the following,
information on the reaction behavior of (CN),-NBD and (CN),-QC on Ni(111) is presented in
dedicated temperature-programmed XPS (TPXPS) experiments. As the introduced cyano
groups contain nitrogen, the C 1s as well as the N 1s regions are addressed. These results/?>"
are published in [P1], whereby complementary DFT calculations were performed by L. Fromm
(group of Prof. Gorling), which regarded different adsorption geometries and their respective
contributions to calculated core level shifts. The used molecules were synthesized and

provided by C. Weils and A. Leng (group of Prof. Hirsch).

4.2.1 XP spectra of the C 1s region

To begin with, the findings in the C 1s region are discussed. The adsorption experiment of
(CN)2-NBD on Ni(111) at 130 K is depicted as waterfall plot in Figure 4.1a. Upon exposure of
the clean single crystal to (CN),-NBD, the in situ observation of the growing characteristic line
shape of its XP spectra was monitored, yielding a final carbon coverage of 0.26 ML. This
submonolayer range was chosen, since the reactions proceed at the catalyst surface;
additional experiments with multilayer exposures are provided in the corresponding
Supporting Information of [P1]. Fitting of the data led to the proposal of an according reaction

model. The spectrum of (CN),-NBD was reproduced by four peaks (see Figure 4.1c, green). The
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complexity of the adsorbed molecule did not allow for an assignment to single carbon atoms.
However, the spectral appearance is a unique fingerprint of the respective surface species.
Notably, in contrast to Br,-NBD,[®” a non-dissociative adsorption was concluded and
confirmed by DFT calculations and in the complementary N 1s region (see below).
Analogously, the adsorption of (CN)2-QC on Ni(111) at 130 K is shown in Figure 4.1f. Here, a
carbon coverage of 0.40 ML was achieved. The fit of the data points required again four peaks,
yet with deviating peak positions, widths, and intensities. Thus, a clear spectroscopic distinc-
tion of both valence isomers was found upon adsorption on Ni(111) at low temperatures. Also
for (CN)>-QC, there were no indications for dissociation of the molecules at contact with the
surface. Information on adsorption geometries and a reconciliation of the experimental

spectra with calculated core level shifts is addressed below in the DFT section.

(b) (CN),-NBD TPXPS c1s| [(c) (CN),-NBD c1s| [(@) cNy-ac c1s| [(e) (CN),-QC TPXPS C1s

Ni(111) T=550K T=550K Ni(111)
amorphous carbon amorphous carbon
550 K carbide carbide 550 K
525 K , / 530 K
490 K
T=360K C1s
445 K

415K

325K 325K

o)

280 K T=280K C1s 280 K
T=280K C1s (CN),-NBD
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(a) Adsorption (130 K) C1s (f) Adsorption (130 K) C1s
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Figure 4.1: (a, f) C 1s spectra during exposure of Ni(111) to (CN),-NBD and (CN),-QC at 130 K; (b, e) Selected XP
spectra of the respective temperature-programmed experiment (TPXPS) up to 550 K; (c, d) Representative
surface species with corresponding fit model (color-coded). Whereas a spectroscopic distinction is possible upon
adsorption (see 130 K), the identical spectral appearance at elevated temperatures (see 280 K) indicates the
quantitative cycloreversion from (CN),-QC to (CN),-NBD. Reprinted with permission from Ref. [250]. Copyright
(2022) John Wiley and Sons.
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Selected spectra of the temperature-programmed XPS (TPXPS) experiments of (CN).-NBD

and (CN);-QC are depicted in Figure 4.1b and 4.1e as waterfall plots, respectively. Represen-

tative surface species at comparable temperatures, with corresponding color-coded fits, are

displayed in Figure 4.1c and 4.1d. The quantitative description of the thermal evolution

considering all analyzed data in the C 1s region is given in Figure 4.2a and 4.2b as function of

temperature. Starting with (CN)2-NBD, no spectral changes were observed up to 170 K. Only

when heating higher, minor increases in intensities, especially for the peak at lowest binding

energy, reflected a rearrangement(?% 2511 of (CN),-NBD into its thermodynamically most

favored adsorption geometry. The decomposition onset of the molecular framework was

determined at 290 K, when the broadening of the spectral line shape indicated the formation
of C-H fragments[?>2-2>%] (see Figure 4.1c, yellow). Compared to unsubstituted NBDI*%¢! and Br,-
NBD on Ni(111),167] the derivatization with cyano substituents increased the thermal stability

by almost 100 K. Heating to above 400 K yielded amorphous carbon?>>-2>81 and carbidel?3 25

260 (see Figure 4.1c, brown and gray).
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Figure 4.2: Quantitative description of surface species (coverage in monolayers) during TPXPS experiments of
(CN)2-NBD and (CN),-QC on Ni(111) as function of temperature (with a heating rate of 0.5 K/s): analysis in (a, b)
C 1s region and (c, d) N 1s region; single contributions to the respective signal are depicted in light colors.
Reprinted with permission from Ref. [250]. Copyright (2022) John Wiley and Sons.
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In the case of (CN).-QC, the spectra kept unchanged with the fixed fit parameters until
reaching a temperature of 175 K. Above, the spectral appearance assimilated that of the
(CN)2-NBD experiment, so that contributions of (CN),-NBD evolved up to ~270K at the
expense of (CN),-QC species (see Figure 4.2b). By comparison of the spectra at 280 K (see
Figure 4.1c and 4.1d, green), the same fit parameters could be applied within the measure-
ment accuracy. Therefore, the energy release in the cycloreversion reaction from the strained
(CN)2-QC to (CN).-NBD was found to proceed, between 175 and 260 K, in a quantitative
manner without the detection of any side products. Thus, it was concluded that identical
surface species existed on the surface, resulting in an equivalent decomposition pathway for
the (CN).-QC experiment at elevated temperatures. Note that the additional measurements

with multilayer coverages verified the complete conversion from (CN),-QC to (CN),-NBD.

4.2.2 XP spectra of the N 1 region

Next, results from the complementary N 1s region address the adsorption and reaction
behavior of (CN),-QC and (CN).-NBD on Ni(111). Figure 4.3a depicts the XP spectra during
exposure of Ni(111) to (CN),-NBD at 130 K, yielding a total carbon coverage of 0.32 ML. The
fit model (see Figure 4.3c, orange) required three peaks, which was unexpected as the two
nitrogen atoms are arranged symmetrically in the molecular framework. Since multilayer
formation was excluded, the multiple peaks indicated the existence of various adsorption sites
and/or geometries. A non-dissociative adsorption was assured due to the absence of spectral
features for cyanide fragments?6% 2621 or atomic nitrogen.[?63-2651 Comparable amounts
(0.25 ML) of the energy-rich isomer, (CN),-QC, were adsorbed on Ni(111) at 130 K (see Figure
4.3f). Two peaks were used to describe the characteristic line shape this time (see Figure 4.3e,
turquoise), while the necessity of more than one peak is again ascribed to diverse geometries
and sites on the surface. Similar to the C 1s region (see above), the distinction of both
molecules, (CN),-NBD and (CN);-QC, was possible on the base of the different spectral

appearances at low temperatures.

Thermally induced reactions were also monitored in the N 1s region in the course of the
respective TPXPS experiments. The corresponding waterfall plots, displaying selected spectra,
are shown in Figure 4.3b and 4.3e, while Figure 4.3c and 4.3d illustrate the employed fit model.
The quantitative analysis of the spectra gives the coverage of the representative surface

species as function of temperature in Figure 4.2c and 4.2d. For (CN).-NBD, the intensities of
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the fitted peaks changed upon heating: At ~190 K, the peak at lowest binding energy has
vanished, while the middle peak became the most intense peak above 230 K (see Figure 4.2c).
Whereas the total surface coverage stayed constant until 270 K, the two remaining peaks
exhibited shifts by 70 meV towards lower binding energies (see Figure 4.3c, light orange).
These spectral transformations were attributed to the rearrangement step, as proposed in the
C 1s region. Since the nitrogen atoms are part of the attached cyano moieties, conformational
changes are expected to be more pronounced in the N 1s region. Having heated to ~280K,
the evolution of a new asymmetric peak (see Figure 4.3c, purple) marked the beginning
decomposition, which is in good agreement to the C 1s data. The detachment of the cyano
groups was suggested in this temperature range.[261 262, 266, 2671 Ahoye 470K, a broader
contribution (see Figure 4.3c, gray) was assigned to nitride as product of further

fragmentation.[252 263, 2641
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Figure 4.3: (a, f) N 1s spectra during exposure of Ni(111) to (CN),-NBD and (CN),-QC at 130 K; (b, e) Selected XP
spectra of the respective temperature-programmed experiment (TPXPS) up to 550 K; (c, d) Representative
surface species with corresponding fit model (color-coded). Whereas a spectroscopic distinction is possible upon
adsorption (see 130 K), the identical spectral appearance at elevated temperatures (see 270/275 K) indicates the
quantitative cycloreversion from (CN),-QC to (CN),-NBD. Reprinted with permission from Ref. [250]. Copyright
(2022) John Wiley and Sons.

34



DicyANO-NBD/QC oN Ni(111)[P1]

Considering the thermal evolution of (CN).-QC, the overall coverage remained constant up to
170 K, while the peak at higher binding energy increased at the expense of that a lower binding
energy. Above this temperature, the more narrow signal could be fitted with the identical fit
parameters as for the (CN).-NBD experiment (see Figure 4.3d, light orange). Thus, the back
conversion from (CN);-QC to (CN),-NBD was confirmed in the N 1s region. The cycloreversion
was completed at 250 K, yielding, upon further heating, the same decomposition species as

for the (CN)2-NBD experiment.

4.2.3 Supporting DFT calculations

Supporting DFT calculations were performed in order to gain insights into the adsorption
geometries and to reveal the contributions to the respective spectral fingerprints. Due to
previous results on the unsubstituted NBD/QC system,[64 166] two different binding motifs
were considered for the interaction of (CN),-NBD with Ni(111): Next to a flat (n?: n%) geometry,
where the two double bonds of NBD bind to the surface, a side-on (n?: n') geometry describes
the binding of the CH, bridgehead and only one double bond; moreover, different relative
positions of the motifs to the surface were regarded. Unlike to Br,-NBD,[*%”] the smaller and
more flexible cyano substituents allowed for a stronger interaction of the C=C double bonds
with the surface. The highest adsorption energies were found for a “flat-like” adsorption of
(CN)2-NBD (up to 4.0 eV), exceeding the values for the side-on geometry (~2.1 eV); the cyano
moieties were preferential in a bridge position. The most stable structure of (CN),-NBD
involved the binding of the C=C bond with the cyano groups to a single surface atom, while
the other side was bound to two nickel atoms. The adsorption at low temperature in the XPS
experiments presumably caused the random sticking in one of the possible geometries to the
surface. Supplying energy when heating, the activation barriers for the transition into the most
stable adsorption motif could be overcome, explaining the initial rearrangement step that was

observed in the evaluation of the TPXPS data.

For the more compact (CN);-QC, the absence of double bonds in the molecular framework
provided mainly interactions of the cyano moieties with the surface, which were preferably
bound to nickel atoms at on-top sites. In contrast to (CN),-NBD, both orientations revealed
similar adsorption energies (1.8 eV): In the flat (n2: n?) motif, the hydrogen atoms of the four-
membered ring displayed weak dispersion interactions with the surface, whereby the side-on

(n?:n') geometry showed a similar effect including the CH, bridgehead. The calculation of
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relative core level shifts corroborated the spectral distinction of (CN),-QC and (CN),-NBD by

means of their experimental XPS line shapes.

175 260 K
X —
Quadricyclane (QC) Norbornadiene (NBD)

(CN)Z-QC (CN)Z-NBD

lzgoK ©+CH

'C'/carbide + nitride <———— C-H fragments + CN

Scheme 4.1: Deduced reaction pathway of (CN),-QC on Ni(111): energy release in quantitative cycloreversion to
(CN)2-NBD between 175 and 260 K. Fragmentation of molecular framework above 290 K, with no formation of
benzene and methylidyne; subsequent decomposition into carbon, carbide, and nitride species above 400 K.
Reprinted with permission from Ref. [250]. Copyright (2022) John Wiley and Sons.

In conclusion, the surface chemistry of the molecule pair (CN),-NBD and (CN),-QC was
investigated by high-resolution XPS measurements and DFT calculations. Upon adsorption on
Ni(111) at 130 K, both molecules featured a unique spectroscopic fingerprint that enabled a
distinction of the surface species, which was supported by simulated XP spectra. Whereas
(CN)2-NBD adsorbed preferably in a flat (n%:n?) geometry, (CN),-QC had similar adsorption
energies for flat (n2: n?) and side-on (n?: n!) motifs. Upon heating, the rearrangement of (CN)»-
NBD into its thermodynamically most stable geometry was suggested. The reaction pathway
of (CN),-QC is shown in Scheme 4.1: The conversion to (CN),-NBD was triggered at 175 K and
completed at 260 K with no side product formation. Above 290 K, the decomposition of the
molecular framework occurred, yielding CH-fragments and detached cyano moieties. Finally,
carbon structures, carbide, and nitride residues remained above 400 K. This study illustrated
the advantages of the used dicyano-substituted derivatives, which achieved a quantitative

energy release and offered a high thermal stability of the energy-lean isomer.

Adapted with permission from Ref. [250]. Copyright (2022) John Wiley and Sons.

36



PENBD/PEQC oN PT(111) AND Ni(111)[P2]

4.3 PENBD/PEQC on Pt(111) and Ni(111)P?

The phenyl-ester substitution of the NBD/QC framework, yielding the valence isomers
2-carbethoxy-3-phenyl-norbornadiene/quadricyclane, referred to as PENBD and PEQC, was
found to exhibit favorable properties upon characterization that qualifies the molecule pair
for potential applications as MOST system. PENBD showed a bathochromic shift of its
absorption onset to 359 nm, while the photoconversion proceeded quantitatively at a
sufficient quantum vyield (@3q10nm = 71%) without any sensitizer.?%8! The formed PEQC
displayed a pronounced thermal stability (half-life of 450 days at 25 °C), especially compared
to similar push-pull substituted derivatives. Still, a high energy storage capacity of 367.5 kJ kg
was achieved with an exothermic reaction profile (AH = 88.3 k) mol?) and a reasonably low
molecular weight (M, = 240.30).2%%] For this reason, the surface chemistry of this promising
system PENBD/PEQC was assessed in synchrotron radiation-based XPS measurements.
Herein, Pt(111) and Ni(111) were chosen as respective model catalytic surfaces, on which
previous NBD/QC systems have already been investigated.[16% 166, 167, 2501 pye to the ester
substituent, the C 1s and O 1s regions gave complementary insights into the adsorption and
reaction behavior. In the experiments, submonolayer coverages enabled the observation of
surface reactions without the influence of physisorbed layers. These results?’? are published
in [P2], whereby the molecule syntheses were carried out by A. Leng and C. Weil} (group of

Prof. Hirsch).

4.3.1 PENBD/PEQC on Pt(111)

First, the adsorption of PENBD and PEQC on Pt(111) is addressed, which revealed a high
catalytic activity for the unsubstituted NBD/QC system.[*%4 Figure 4.4a depicts the exposure
of the surface to the energy-rich PEQC at 125 K. The waterfall plot illustrates the growth of
the characteristic line shape of the species, yielding a final carbon coverage of 0.39 ML. Fitting
of the measured data points required four peaks, with a fixed relative intensity ratio (see
Figure 4.4c, red). The overlapping peaks did not allow for an explicit deconvolution of the XP
spectrum to single carbon atoms within the molecular structure. Nevertheless, contributions
at higher binding energies were suggested to stem from the oxygen atoms of the ester
group.”’Y |n addition, the binding energy range of unsubstituted QC™"®¥ and benzene on
Pt(111)?7? coincided with the remaining peaks. For the energy-lean PENBD, the adsorption of

a comparable amount (0.25 ML) on Pt(111) at 125 K is shown in Figure 4.4f. Although the
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obtained line shapes of both isomers appeared quite similar, the fit model of PENBD needed
different parameters; specifically, deviating intensity ratios had to be employed, the peak
widths differed, and also the positions were shifted to lower binding energies by up to
200 meV (see Figure 4.4d, blue). The assignment of the signals was deduced, as before, from
the superposition of the influences by the ester moiety, the phenyl substituent, and the NBD
subunit. Altogether, the molecular adsorption of PENBD and PEQC was monitored
in situ in the C 1s region, whereby a spectroscopic distinction was possible by means of the

corresponding line shapes of the spectra.
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Figure 4.4: (a, f) C 1s spectra during exposure of Pt(111) to PEQC and PENBD at 125 K; (b, e) Selected XP spectra
of the respective temperature-programmed experiment (TPXPS) up to 420K; (c, d) Representative surface
species with corresponding fit model (color-coded). Whereas a spectroscopic distinction is possible upon
adsorption (see 125 K), the identical spectral appearance at elevated temperatures (see 245 K) indicates the
guantitative cycloreversion from PEQC to PENBD. Note different scaling factor in (c). Reprinted with permission
from Ref. [270] under license CC BY 4.0 DEED. Copyright (2023) John Wiley and Sons.

The thermal evolution of the molecular pair was followed in dedicated temperature-
programmed XPS (TPXPS) experiments. Figure 4.4b and 4.4e display spectra at selected
temperatures, while the representation of the fitted surface species (color-coded) is shown in
Figure 4.4c and 4.4d, respectively. The quantitative analysis of the TPXP spectra of PEQC is
given in Figure 4.5, with the schematic description of the proposed reaction pathway on

Pt(111). Up to 140 K, no changes in the spectral appearance were observed. Having heated
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further, the shoulder at higher binding energy declined and the maximum of the spectrum
gained in intensity. That is, the line shape assimilated towards that of PENBD, indicative of the
onset of the cycloreversion from the strained PEQC to PENBD. In the temperature range
between 140 and 230 K, the amount of PEQC was decreasing at the expense of formed PENBD,

while the total surface coverage stayed constant (see Figure 4.5).
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Figure 4.5: Quantitative description of the surface species (coverage in monolayers) during the TPXPS experiment
of PEQC on Pt(111) in the C 1s region as function of temperature (with a heating rate of 0.5 K/s): energy release
in quantitative cycloreversion to PENBD between 140 and 230 K; decomposition of molecular framework above
300 K, resulting in C-H fragments and carbon monoxide (CO). Reprinted with permission from Ref. [270] under
license CC BY 4.0 DEED. Copyright (2023) John Wiley and Sons.

At 245 K, the same fit parameters could be applied as for the equivalent spectrum of the
PENBD experiment (see Figure 4.4c and 4.4d, blue). Thus, identical surface species were
present on the surface, and a quantitative conversion was concluded as no side products were
detectable. Unlike to unsubstituted QC on Pt(111),1*%* where the cycloreversion to NBD took
place instantaneously upon adsorption at 125 K due to the high catalytic activity, the reaction
proceeded in a controlled manner at higher temperatures for PEQC. As PENBD was the sole
surface species above 230 K, the subsequent decomposition route was found to be analogous
to the PENBD experiment. Here, the thermal stability limit was determined at 300 K, con-
trasting the degradation of unsubstituted NBD on Pt(111) at already 190 K.1'%¥ The different
reaction behavior indicated the adsorption in a geometry deviating from the side-on motif,
for which a norbornadienyl species was formed. Above 300 K, unspecified C-H fragments!6*

1691 were obtained as dissociation products (see Figure 4.4c, yellow); the amount of evolved
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carbon monoxide (CO)?*%! agreed with the stoichiometric formation of two equivalents (see

Figure 4.4c, green).

The experiments in the O 1s region corroborated the stability limit of the molecular
framework of PENBD, since no fragmentation of the ester moiety was observed at low
temperatures. The formation of carbon monoxide (CO) was monitored at bridge and on-top
sites!?*®! at elevated temperatures, which supports the reaction pathway deduced from the
C 1s data. However, the coadsorption of water?’3! upon exposure of Pt(111), and the low
oxygen content, impeded to draw conclusions on the cycloreversion reaction. Moreover, the
oxygen atoms in the ester substituent are remote from the carbon bonds that were involved
in the rearrangement reaction. In general, the poor signal-to-noise ratio did not allow for an
unambiguous spectral distinction of both valence isomers, PENBD and PEQC, in the O 1s
spectra. Nonetheless, two peaks with almost identical height were assigned to the two oxygen

atoms in different chemical environment.[271]

4.3.2 PENBD/PEQC on Ni(111)

Analogously, adsorption and temperature-programmed experiments were conducted on
Ni(111), which was found to be less reactive than Pt(111) for the unsubstituted NBD/QC
system but catalytically active in terms of a controlled energy release at higher
temperatures;*%® besides, next to the successful triggering of the conversion reaction, a high
thermal stability was achieved for dicyano-substituted NBD/QC on Ni(111).2°%! Within the
scope of this study, the same molecule pair, PENBD and PEQC, was directly compared on both
Pt(111) and Ni(111). The adsorption of PEQC on Ni(111) at 115K is depicted in Figure 4.6a,
whereby the carbon coverage amounted to 0.29 ML; note small intensities prior to dosage
(gray spectrum) due to preadsorption of residual PEQC in the chamber. Four peaks were
needed to reproduce the characteristic line shape (see Figure 4.6c¢, red), while their relative
intensities were kept constant. As before, no explicit assignment to single carbon atoms was
possible but the spectroscopic fingerprint was determined. The contributions to the measured
signal were reconciled by comparison with spectra of unsubstituted NBD!*%®! and benzene on
Ni(111),174 plus considering the influence of the ester moiety. Although the binding energy
positions of PEQC are comparable on Pt(111) and Ni(111), the relative intensities and the peak
widths differed considerably. The exposure of Ni(111) at 120 K to PENBD vyielded a carbon

coverage of 0.42 ML. Small amounts of carbidel®*®! were detected from the beginning and
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treated as a constant contribution throughout the experiment (see Figure 4.6d, brown). The
overall line shape of PENBD, possessing two marked maxima, differed substantially from that
of PEQC. In the fit model, four peaks with fixed intensity ratio were utilized, which were
positioned up to 800 meV towards higher binding energies (see Figure 4.6d, blue). In contrast
to the adsorption on Pt(111), both isomers exhibited a very different spectral appearance. Due
to the similar molecular structures, the existence of various adsorption geometries was

suggested, which are discussed later in the O 1s section.
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Figure 4.6: (a, f) C 1s spectra during exposure of Ni(111) to PEQC and PENBD at 115/120 K; (b, e) Selected XP
spectra of the respective temperature-programmed experiment (TPXPS) up to 415K; (c, d) Representative
surface species with corresponding fit model (color-coded). A spectroscopic distinction is possible upon
adsorption (see 115/120 K); the absence of spectral features of PENBD in the PEQC experiment indicates no
cycloreversion to PENBD at any temperature. Note different scaling factor in (d). Reprinted with permission from
Ref. [270] under license CC BY 4.0 DEED. Copyright (2023) John Wiley and Sons.

Selected TPXP spectra of PENBD and PEQC are plotted in Figure 4.6b and 4.6e, respec-
tively. The corresponding fitted surface species (color-coded) are depicted in Figure 4.6¢ and
4.6d. For PEQC, major changes in the spectra became visible only above 180 K, when the peak
positions shifted to lower binding energies and the narrowing of the line shape required for
other signals, especially pronounced for the peak at lowest binding energy (see Figure 4.6c,
light red). This was attributed to the rearrangement of the molecules into more stable

adsorption motifs, as observed for (CN),-NBD,>* and/or the early onset of a decomposition
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reaction,?7> 2781 which would be similar to unsubstituted NBD*®®! and Br,-NBD on Ni(111).167]
By comparison of both temperature-programmed experiments of PENBD and PEQC, the
acquired spectra deviated profoundly. That is, different surface species were present at any
temperature, excluding the energy release in a cycloreversion reaction from PEQC to PENBD
on Ni(111). Above 270K, the fragmentation of the molecular framework!>®* 2771 and the
formation of two equivalents of carbon monoxide (CO), in bridge and on-top positions, 278!
was monitored (see Figure 4.6¢, yellow and green). In the case of PENBD, intact molecules
were found up to 160 K. At higher temperatures, the occurrence of the first reaction step was
deduced from a new spectral appearance with three fitted peaks (see Figure 4.6d, light blue).
The decomposition of PENBD, presumably with the detachment of the ester moiety,?”?! was
observed as a distinct shift in the O 1s region (see below). Unlike to unsubstituted NBD!*¢! and
Br,-NBD,*%”] no benzene or methylidyne were formed as intermediates.!?°> 274 Note that for
the appearance of new surface species, different attenuation and photoelectron diffraction
conditions resulted in the observation of varying total coverages.?°® 2°1 Having heated to
280 K, the pronounced desorption of almost 90% of the surface coverage set in, which was
due to a weakly bound adsorption geometry (see O 1s section). Above 340 K, small amounts

of C-H fragments and CO, at bridge site, were remaining (see Figure 4.6d, yellow and green).

The experiments in the O 1s region gave complementary information on the adsorption
and reaction properties. In these measurements, comparable amounts were adsorbed on
Ni(111) at 120K. The collected data were evaluated analogously to the previous
investigations. For both PENBD and PEQC, the coadsorption of water during exposure of the
surface was unavoidable, yielding a corresponding peak[?8® 281 that vanished above the
desorption temperature between 140 and 180 K.[?2Y Apart from this, the PEQC spectrum
featured two distinct peaks, with equal area, attributed to the two oxygen atoms of the ester
moiety, namely the carbonyl (C=0) and ether (C—O—C) oxygen.[?’% 2792821 The O 1s spectrum
of PENBD was fitted with three peaks at a fixed intensity ratio of 1:2:1, ascribed to different
binding fashions that were enabled through the flexible ester moiety:[283 284 The two peaks
with identical area displayed the situation of one binding and non-binding oxygen atom, while
the middle peak described the binding of both oxygen atoms resulting in a similar chemical
environment.!?®? |n general, the peak positions of PENBD were shifted to lower binding
energies compared to PEQC. That is, PENBD exhibited a stronger interaction of the oxygen

atoms with the Ni(111) surface, whereas PEQC was proposed not to bind via its oxygen
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atoms.[282l These different adsorption motifs explained the very distinct spectral appearance
of the molecule pair in both core level regions. Besides, the extensive desorption for PENBD
above 270 K originated from the weak Ni-oxygen interaction.[?® The TPXPS experiment of
PEQC in the O 1s region revealed a narrow peak at low binding energies above 180 K, which
was characteristic for atomic oxygen.[27> 278 286 Therefore, the remaining peaks indicated the
decomposition of PEQC, while CO contributions (at bridge site)?’8! emerged at 280K, in
agreement with the findings of the C 1s spectra. For PENBD, at 160 K, a marked shift of 1.3 eV
towards lower binding energy corresponded to the spectral changes in the C 1s region. As this
reaction involved the oxygen atoms, the detachment or fragmentation of the ester group was
suggested.l?’® The formation of CO in bridge position was confirmed above 280 K as well as
the pronounced desorption, leaving about 16% of the initial surface coverage (in C1s

experiment: 13%, see above).

4.3.3 Comparison of PENBD/PEQC on Pt(111) and Ni(111)

The surface chemistry of PENBD and PEQC was investigated by high-resolution XPS on
different model catalytic surfaces. Their exposure to the molecules at low temperatures was
followed in situ, whereby both isomers were spectroscopically differentiated, and qualitative
information on the adsorption geometries was derived. Temperature-programmed exper-
iments allowed for the determination of stability limits and to check if the energy release from
the strained PEQC to PENBD was triggered. On Pt(111), it was suggested that the species
occupied a similar adsorption geometry. In the case of Ni(111), distinct configurations were
deduced on the surface: PEQC was predicted to interact predominantly by its QC subunit and
the phenyl substituent, whereas, for PENBD, the orientation of its ester moiety towards the

surface was expected, implying a weaker “oxygen-bound” motif.

The reaction pathways on either surface are depicted in Scheme 4.2. The Pt(111) surface
was found to initiate the cycloreversion reaction from PEQC to PENBD starting at 140 K, with
a quantitative conversion at 230 K. Above 300 K, the decomposition into C-H fragments and
CO took place, marking the stability limit of the energy-lean isomer, which exceeds that of
unsubstituted NBD by more than 100 K.[**4! |n contrast, Ni(111) showed no catalytic activity
for the back conversion to PENBD. Instead, individual fragmentation routes of PENBD and
PEQC were observed, when heating above 160 and 180 K, respectively. Notably, for PENBD on

Ni(111), about 90% of the surface coverage has desorbed above 300 K, which was attributed
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to the weak surface interaction of the adsorbed species. That is, only residual amounts of C-H
fragments and CO remained at higher temperatures. The TPXPS experiment of PEQC stated

further the formation of atomic oxygen above the decomposition onset.

Q A Q Pt(111)
0"\ 140 -230K /Q 0™\ >300K
—_— —_— +CO
cycloreversion O decomposition
o Ni(111)
7 b o\ >160K > 300 K
- . ﬁ» +CO
% O desorption (90%)
o}
e 180 K >270 K
- I +CO
+ O (ads) + O (ads)

Scheme 4.2: Deduced reaction pathways of PEQC and PENBD: (top) On Pt(111), energy release in quantitative
cycloreversion to PENBD between 140 and 230 K; decomposition above 300 K yields C-H fragments and carbon
monoxide (CO). (bottom) On Ni(111), no cycloreversion from PEQC to PENBD but degradation above 160 and
180 K, respectively; subsequent fragmentation above 270 K for PEQC, and pronounced desorption above 300 K
for PENBD. Reprinted with permission from Ref. [270] under license CC BY 4.0 DEED. Copyright (2023) John Wiley
and Sons.

In conclusion, this study demonstrated that the adsorption behavior and reactivity of
derivatized NBD/QC molecules depends crucially on the used catalyst material. Utilizing
Pt(111), the energy release from PEQC was induced in a controlled and quantitative manner;
moreover, a high thermal stability limit was determined in the experiments. On Ni(111), the
cycloreversion to PENBD was not detected; yet, the found correlation between adsorption
geometries and desorption processes was ascertained to be of importance in heterogeneous

catalysis for the design of reversible MOST cycles.

Adapted with permission from Ref. [270] under license CC BY 4.0 DEED. Copyright (2023) John Wiley and Sons.
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4.4 PENBD/PEQC on AulP3!

The promising molecule pair 2-carbethoxy-3-phenyl-norbornadiene/quadricyclane (PENBD/
PEQC) regarding MOST applications, whose surface chemistry has been discussed on Pt(111)
and Ni(111) before (see Section 4.3),127% is now addressed on a gold surface as catalyst
material. Previous liquid-phase studies on asymmetrically substituted cyano derivatives?8”]
showed an unprecedented catalytic activity of Au(111) for the energy-releasing cycloreversion
reaction to the respective NBD derivative; in direct comparison to Pt(111), the reaction rates
of the back conversion were more than two orders of magnitude higher under identical
conditions. Besides, investigations on a functionalized NBD/QC system, which was anchored
by an appropriate platform on Au(111),[2%8! revealed the direct cycloreversion to the energy-
lean isomer in a single monolayer in UHV environment. The authors concluded the electronic
coupling to the gold states of the substrate as requirement for the catalytic effect. These
findings agreed with the single-triplet mechanism proposed by Schlimm et al. for enhanced
isomerization kinetics on gold, wherein a mediated intersystem crossing was found to be
crucial in the relaxation process.?®? That is, the facile triggering of the energy release on gold
is also of interest in terms of the MOST storage cycle for the established PENBD/PEQC pair. In
the following, the reaction behavior of PENBD and PEQC on Au(111) is surveyed in a combined
liguid-phase and surface science study. Thereby, the determined catalytic activity was put into
context with the deduced mechanistic insights. These results?®” are published in [P3]. In
particular, infrared reflection absorption spectroscopy (IRRAS) experiments in UHV, per-
formed by R. Eschenbacher (group of Prof. Libuda), and photoelectrochemical IRRAS (PEC-
IRRAS) data, acquired by E. Franz (group of Prof. Libuda), complemented the synchrotron
radiation-based XPS measurements. The calculations of the IR spectra were conducted by
L. Fromm (group of Prof. Gorling), and the molecules were synthesized by A. Leng (group of

Prof. Hirsch).

4.4.1 Monolayer conversion with XPS in UHV

As first used surface science method, high-resolution XPS measurements are addressed to
gain information on the monolayer conversion in UHV. The utilized substrate was a PVD-
prepared gold film on Pt(111) that was known to yield well-defined structures and behaved
identically to Au(111) in photoemission.?3>%37! |ts respective exposure to submonolayer

coverages of PENBD and PEQC was followed in situ in the C 1s and O 1s region, and aimed to
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determine the catalytic activity of the gold surface upon direct contact. Figure 4.7a depicts the
XP spectra in the C 1s region after adsorption of comparable amounts of PENBD (0.32 ML,
blue) and PEQC (0.24 ML, red) at 110K in dedicated experiments. Notably, no significant
differences were detectable in their spectral line shapes within the measurement accuracy. In
both cases, next to a relatively broad main signal of the spectrum, a distinct shoulder
developed at higher binding energies, with minor intensities at greater values. Although the
complexity of the adsorbed species did not allow for a deconvolution to single carbon atoms,
the absence of heteroatoms in the NBD/QC subunit and phenyl group suggested the
contribution to the main peak, while the carbon atoms adjacent to the oxygen atoms of the
ester moiety resulted in positions at higher binding energies. The comparison of the rescaled

spectra of PENBD and PEQC (see Figure 4.7a) indicated equivalent species on the surface.
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Figure 4.7: (a) C 1s spectra after exposure of Au/Pt(111) to PEQC and PENBD at 110 K, and representative XP
spectra at elevated temperatures (170 and 295 K); the identical spectral appearance (rescaled) after adsorption
indicates the instantaneous cycloreversion from PEQC to PENBD upon contact with the gold surface.
(b) Quantitative description of the surface species (coverage in monolayers) during the TPXPS experiments of
PEQC in the C 1s region as function of temperature (with a heating rate of 0.5 K/s): induced rearrangement step
of PENBD upon heating, and desorption of PENBD up to 250 K, leaving minor residues on the surface (promoted
by defects in the gold film). Reprinted with permission from Ref. [290] under license CC BY 4.0 DEED. Copyright
(2023) John Wiley and Sons.
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That is, no PEQC was spectroscopically detected on gold, even at an adsorption temperature
of 110K, but the instantaneous cycloreversion from the strained PEQC to PENBD was
catalytically triggered. This observation was corroborated by experiments in the com-
plementary O 1s region (see Figure 4.8a). Herein, the adsorption of both isomers yielded the
same spectral appearance as well. This confirmed the assumption of gold being highly
catalytically active for the isomerization to the energy-lean NBD derivative, as already stated
for the above-mentioned NBD/QC systems on Au(111).1287: 28] Since a likewise conversion
behavior was monitored, the triplet-singlet reaction mechanism, introduced by Schlimm
et al.,?® was again used as underlying explanation: This pathway via mixing of molecular and

gold states facilitated the cycloreversion reaction and also minimized the occurrence of side

products.
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Figure 4.8: (a) O 1s spectra after exposure of Au/Pt(111) to PEQC and PENBD at 110 K; the identical spectral
appearance (rescaled) after adsorption indicates the instantaneous cycloreversion from PEQC to PENBD upon
contact with the gold surface. (b) Quantitative description of the surface species (normalized coverage) during
the TPXPS experiments of PENBD in the O 1s region as function of temperature (with a heating rate of 0.5 K/s):
decline of PENBD up to 240 K; a contribution by water desorption cannot be completely excluded. Reprinted with
permission from Ref. [290] under license CC BY 4.0 DEED. Copyright (2023) John Wiley and Sons.

Furthermore, temperature-programmed experiments were conducted to describe the
thermal evolution of PENBD. Figure 4.7a shows C 1s spectra at selected temperatures (110,
170, and 295 K), when representative surface species were present. The quantitative analysis
of the PEQC experiment is illustrated in Figure 4.7b, which gives the amount in carbon
coverage as function of temperature. Above 135 K, first spectral changes were noticeable: The
main peaks exhibited a shift of ~150 meV towards lower binding energies, while the shoulder
at higher binding energy side broadened and lost in intensity (see Figure 4.7a, light blue). This
was ascribed to a rearrangement step of the molecules on the surface to occupy

thermodynamically more stable adsorption motifs;?> 279 in particular, various geometries
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were suggested for the flexible ester substituent, since the differences between 110 and 170 K
mainly affected the features at higher binding energies. Up to 150 K, a decrease of less than
10% of the total carbon coverage was observed, whereas heating to 210K led to the
pronounced molecular desorption of PENBD (see Figure 4.7b). An analogous behavior is
depicted in Figure 4.8b for the normalized oxygen coverage of PENBD plotted against the
temperature; yet, impurities of co-adsorbed water?®*! could not be completely excluded, so
that the decline was possibly influenced by its desorption above 140 K.[2°22%3] Having reached
250 K, no contributions of intact PENBD were detected anymore; instead, starting at 190 K,
the spectra were described by an asymmetric peak (see Figure 4.7a, gray), which was
attributed to fragmentation products, in line with carbide structures on polycrystalline
gold.[?** Note the small remaining absolute amount, with about 20% of the initial coverage.
Under-coordinates sites, such as defects of the prepared gold film, facilitated this decom-

osition!2%! yielding minor residues on the surface.
p y g

4.4.2 Complementary IRRAS experiments

The surface chemistry of PENBD on Au(111) at multilayer coverages was assessed in IRRAS
experiments under UHV conditions. Time-resolved IRRA spectra, collected during exposure to
PENBD at 110K, enabled the binding motif of the molecules to be derived due to the
assignment of characteristic bands, which were corresponding to the calculated spectra,?°®
and the consideration of the metal surface selection rule (MSSR).[2°7-2%%) At low coverages, an
intact adsorption in upright-standing geometry was deduced, whereby the continuous
deposition of PENBD led to intensity changes and the formation of new bands, indicative of a
reorientation of the adsorbates. Subsequently, the growth of the multilayer proceeded in a
random manner. Upon irradiation, the adsorbed PENBD multilayer was quantitatively photo-
converted to PEQC, which was found to be stable in form of a frozen multilayer film, with no
electronic coupling to the Au(111) surface. Next, the cycloreversion back to PENBD was
investigated by means of temperature-programmed IRRAS (TP-IRRAS). Up to 150K, no
spectral changes became visible; when heating higher, modifications in the film morphology
were proposed. In the temperature range between 224 and 232 K, the energy release from
PEQC was monitored in the isomerization reaction to PENBD. It was suggested that, upon
heating, the mobility of the species within the film was increased, so that the PEQC molecules

reached the gold surface, which initiated the instantaneous back conversion (see XPS part).
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The onset of the multilayer desorption was determined at 232 K, that of the remaining

monolayer at 240 K.

Information on the kinetics of the energy release and the reversibility were obtained by
PEC-IRRAS experiments in the liquid phase. The reaction rate depended on the applied
potential, as demonstrated in a previous study.l?®”! The measurements were performed
at -0.7 Vic and in a thin-layer configuration (25 um), so that the diffusion to the bulk solution
was impeded.3%! As the v(CO) stretching band exhibited the highest intensity and displayed
a shift in the course of the isomerization between PENBD and PEQC, it was utilized as
spectroscopic marker for the photoconversion and cycloreversion. Other than minor
influences by the solvent (acetonitrile),’*°! stable conditions were observed if the sample was
not irradiated. During irradiation, the photoconversion from PENBD to PEQC was proven due
to the formation of the characteristic bands of PEQC at the expense of that of PENBD. Since
Au(111) acted as catalyst for the back conversion to PENBD, a steady state was reached after
~50s. Having switched off the LED, the cycloreversion was followed to proceed in a
guantitative manner (after ~150 s) without any indications for side products. Thus, a very high
catalytic activity of gold was also attested in the liquid phase. Featuring comparable half-lives
for the photoconversion and back reaction, the energy release rate was concluded to be
similar to that of the previously investigated asymmetric cyano derivative.?®”! In order to
assess the reversibility of the isomerization between PENBD and PEQC, the irradiation
experiment was cycled for 100 times. Within the detection limits, no degradation was
monitored but the selective and full back conversion to PENBD in each cycle. Regarding the
long-term stability, the catalytic effect did not decline over time; instead, for increased cycling,
a lower band intensity in the steady state implied a slightly higher activity, which was

presumably caused by the reductive removal of impurities.

In conclusion, the multi-method approach in this study comprised the complementary
behavior of the molecule pair PENBD/PEQC on gold in UHV and in the liquid phase. A combi-
nation of XPS and IRRAS experiments delivered information on the catalytic activity for the
energy release, the overall reversibility as well as mechanistic insights and reactions kinetics.
Gold was found to effectively trigger the back conversion from PEQC to PENBD, whereby an
applied external potential was demonstrated to control the reaction rate in the liquid-phase
measurements. The UHV investigations confirmed the very high catalytic activity of the gold

surface, even at cryogenic temperatures of 110 K. For that, a singlet-triplet mechanism,
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proposed for previous photoswitches, 238 28 explained the spontaneous isomerization. This
required a direct electronic coupling to the substrate, so that PEQC was only stable in the
multilayer. Above 220K, the increased mobility within the film yielded PENBD, as the
molecules came in contact with the surface. The desorption of the multilayer was determined
at 232 K. From the submonolayer experiments, the rearrangement of PENBD into more stable
adsorption geometries was suggested to start at ~135 K, while the molecules desorbed up to
250 K; minor residues remained in the XP spectra due to decomposition to a small extent at
defects in the gold film. The PEC-IRRAS experiments stated full reversibility for the system
within 100 measured cycles; no side product formation occurred and also the catalytic activity

did not diminish but actually increased slightly over time.

Adapted with permission from Ref. [290] under license CC BY 4.0 DEED. Copyright (2023) John Wiley and Sons.
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4.5 0O-NBD/QC and exO-NBD/QC on Pt(111)P4

The utilization of hetero-NBD/QC systems is of interest due to several reasons: First, the
introduction of a heteroatom at the bridgehead position was expected to result in deviating
adsorption geometries and reaction pathways on the catalyst surfaces. The methylene
bridgehead was found to be particularly involved in the decomposition routes of
unsubstituted NBD and derivatives thereof on different catalyst materials; on Pt(111), the
agostic C-H interaction with the surface induced the early onset of the fragmentation of
NBD, 163164l while the detachment of the bridging carbon yielded the formation of benzene as
dissociation product for NBD and Br,-NBD on Ni(111).[66: 1671 Therefore, a structural
modification at this position might allow for higher thermal stability limits of the respective
energy-lean isomers. Moreover, the appropriate functionalization of the bridgehead was
demonstrated to achieve enhanced quantum yields of the photoconversion and also
increased the half-life of the corresponding metastable state.[!?!! |n addition, the
incorporation of heteroatoms in the NBD framework was anticipated to influence the
maximum energy storage density of the considered system.[!??l As the photochemistry of
oxanorbornadiene (oxa-NBD) has already been of interest several decades ago,!*??
investigations on the surface chemistry of ester-substituted oxa-NBD/QC molecule pairs on
Pt(111) are presented in the following. Specifically, synchrotron radiation-based XPS
experiments in UHV were supplemented by measurements in the liquid phase by
photochemical infrared reflection absorption spectroscopy (PC-IRRAS). Thereby, information
on the respective adsorption motifs and reaction behavior of 2,3-bis(methylester) derivatives
was deduced as well as the influence of an extended 2,3-bis(benzylester)-substitution was
studied. Besides, the selectivities and associated reaction rates of the energy-releasing

cycloreversion from the particular QC derivative were determined.

Molecule 1 Molecule 2 Molecule 3 Molecule 4 Molecule 5
(O-NBD) (0-QC) (dibenzyl acetylenedicarboxylate) (exO-NBD) (exO-QC)
(o] (o]
4 o 2 /3 \ Q 2 /3 2 1 Q 2 3 4 o) [e] @ 0 O @
) 3 77 )\ 5 3O 5
0 Q N T2 12 1
g A d A\ * © o/\© ¢ OP@ ¢
[e] 4 5 o 5
C10H1005 C10H1005 C18H14O4 C22H1805 C22H1805
M,=210.19 M, =210.19 M, =294.31 M, =362.38 M, =362.38

Scheme 4.3: Depiction of synthesized hetero-NBD molecules and their corresponding QC isomers; specification
of chemical formulas with molecular weight; note that dibenzyl acetylenedicarboxylate is a reaction intermediate
towards exO-NBD/QC. Reprinted with permission from Ref. [302]. Copyright (2023) AIP Publishing.
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These results%? are published in [P4], whereby the PC-IRRAS part was contributed by
Z. Hussain and E. Franz (group of Prof. Libuda). The molecule syntheses were carried out by
D. Krappmann (group of Prof. Hirsch); the analysis of the crystal structure of exO-NBD was
provided by F. Hampel (group of Prof. Dube). An overview and labeling of the utilized
molecules is illustrated in Scheme 4.3, which comprises the molecular structures, chemical

formulas, and molar masses.

4.5.1 XPS results of O-NBD/QC

Both the C1s and O 1s regions will be described for the XPS findings; the exposures were
chosen to yield comparable surface coverages of the molecules in the submonolayer range.
To begin with, the valence isomers O-NBD/QC are regarded as structurally simplest derivatives
in this study. The C 1s spectra acquired during exposure of Pt(111) at 150 K to the energy-lean
O-NBD are depicted in Figure 4.9a, resulting in a carbon coverage of 0.70 ML; note minor
amounts of preadsorption (gray spectrum) due to residual O-NBD in the chamber. The
evaluation of the data was conducted by introducing an appropriate fit model. The
characteristic line shape of O-NBD, featuring two distinct intensity maxima and smaller
contributions at higher binding energies, acted as spectroscopic fingerprint for the specific
surface species and was reproduced by five peaks whose relative intensity ratio was kept fixed
(see Figure 4.9c, blue). The complex molecular structure did not allow for the assignment of
the signals to individual carbon atoms. Nonetheless, the attribution of carbon atoms that are
in vicinity to oxygen to the higher binding energy side was reasonable.?’! That is, the
proportion of the four peaks at higher binding energies coincided with the number of carbon
atoms being directly bound to at least one oxygen atom; the highest intensities at lower
binding energies agreed with the XP spectrum of unsubstituted NBD on Pt(111).1%% The
analogous experiment for the strained isomer O-QC is shown in Figure 4.9f, whereby a total
carbon coverage of 0.77 ML was obtained. The broader signals of its line shape required six
fitted peaks this time (see Figure 4.9d, orange). Compared to the spectrum of O-NBD, next to
small deviations in the employed widths and binding energy positions, the most apparent
differences concerned the relative intensity ratios. Therefore, a clear distinction of both
molecules with their spectral characteristics was possible in the C1s region. In sum, no

indications for dissociation processes upon adsorption at 150 K were observed for O-NBD and
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O-QC. Moreover, the energy release from O-QC was not triggered instantaneously at low

temperatures, unlike to unsubstituted NBD on Pt(111).[164
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Figure 4.9: (a, f) C 1s spectra during exposure of Pt(111) to O-NBD and O-QC at 150 K; (b, e) Selected XP spectra
of the respective temperature-programmed experiment (TPXPS) up to 495K; (c, d) Representative surface
species with corresponding fit model (color-coded). Whereas a spectroscopic distinction is possible upon
adsorption (see 150 K), the identical spectral appearance at elevated temperatures (see 340 K) indicates the
quantitative cycloreversion from O-QC to O-NBD. Note different scaling factors in (c). Reprinted with permission
from Ref. [302]. Copyright (2023) AIP Publishing.

Temperature-programmed XPS (TPXPS) measurements were conducted to follow the
respective reaction pathways on the catalyst surface. Figure 4.9b and 4.9e illustrate spectra
of the O-NBD and O-QC experiment at selected temperatures, respectively. Representative
surface species are depicted with their corresponding color-coded fits in Figure 4.9c and 4.9d.
The analysis of the data enabled the quantification of the amounts, so that Figure 4.10 gives
the coverages of the particular species as function of temperature. In the case of O-NBD,
equivalent spectra were monitored up to 200 K. Having heated to 235 K, molecular desorption

of about 46% of the initial coverage was detected (see Figure 4.10a). In the same temperature
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range, minor spectral changes, which mainly affected the relative intensities, were ascribed
to arearrangement step of O-NBD to more stable adsorption geometries, as already suggested
for other NBD derivatives.[?>* 279 This surface intermediate, O-NBD Il (see Figure 4.9c, light
blue), was steady until 310 K. Beyond, another reorientation was deduced from a subtle
different spectral appearance, caused by other damping conditions and photoelectron
diffraction effects.[26: 2511 At 340 K, O-NBD Ill (see Figure 4.9¢, yellow) represented the species
with the highest adsorption energy in this picture. The decomposition onset of the molecular
framework was determined at 390 K, which exceeded that of unsubstituted NBD!®4 and
similar ester-substituted NBD derivatives on Pt(111).27% This degradation yielded unspecified
C-H fragments('64 1691 (see Figure 4.9¢, brown), while additional carbide formation[33 304 (see

Figure 4.9c¢, gray) was found above 480 K.
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Figure 4.10: Quantitative description of the surface species (coverage in monolayers) during the TPXPS experi-
ments of O-NBD and O-QC on Pt(111) as function of temperature (with a heating rate of 0.5 K/s): analysis in (a, c)
C 1s region and (b, d) O 1s region. Reprinted with permission from Ref. [302]. Copyright (2023) AIP Publishing.

For the energy-rich O-QC, a stable adsorption motif was assumed from the beginning, since
desorption took place to only a small extent of ~13% (see Figure 4.10c). Still, above 180 K,
slight changes in the spectra became apparent, by which the peak at second lowest binding

energy position was not necessary anymore (see Figure 4.9d, light orange). Thus, this O-QC Il
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species described likewise the situation after rearrangements of the molecules. Heating to
310 K induced the transition of the line shape towards that observed in the dedicated O-NBD
experiment at equal temperatures (see Figure 4.9d, yellow). Within the accuracy of the
measurements, the same fit parameters could be employed; small deviations of the relative
intensities for the peaks at higher binding energies were expected to stem from the flexibility
of the associated ester groups.[?833%] The identical spectral appearance implied the initiated
cycloreversion from O-QC to O-NBD, which proceeded from 310 to 340 K in a quantitative
manner without side reactions (see Figure 4.10c). Heating higher, an analogous decom-
position was demonstrated as for O-NBD. As a result, alike to unsubstituted QC!*®* and other
derivatives,?7% Pt(111) was proven to be catalytically active towards the energy release in a
first hetero-NBD/QC system; here, the isomerization was triggered at comparably high
temperatures. The catalytic activity will be assessed in complementary liquid-phase

measurements (see below).

Furthermore, the adsorption and reaction behavior was also studied in supplementary
experiments in the O 1s region. As before, the adsorption of O-NBD and O-QC on Pt(111) at
150 K was monitored in situ, respectively. For O-NBD, the obtained spectra were fitted with
three peaks exhibiting an intensity ratio of 1:2:2, which is in line with the chemically different
oxygen atoms in the molecular structure. While the two peaks at higher binding energies were
ascribed to the carbonyl (C=0) and ether (C—0-C) oxygens,!27% 271, 3%I the third peak was due
to the oxygen atom within the oxa-NBD subunit. The low binding energy position of latter one
suggested its orientation towards the surface,?7% 271 307] resylting in a “side-on” geometry,
similar to unsubstituted NBD on Pt(111).[*%% In the case of O-QC, an equivalent fit model was
used; yet, compared to O-NBD, the peak positions were shifted by up to 0.7 eV towards lower
binding energies, indicative of a stronger interaction of the oxygen atom of the oxa-QC subunit
with the substrate.270:271. 307 Besides, the unavoidable coadsorption of water during exposure
to O-QC, which originated from the additional photoconversion step in its synthesis, gave rise

to another peak for water on Pt(111), in agreement with literature.l?’3!

The thermal evolution in the O 1s region corroborated the rearrangement and reaction
steps deduced from the C 1s experiments. Concerning O-NBD, first spectral changes occurred
at ~200 K, whereupon a similar decrease in its coverage was detected as in the C 1s spectra.
Above ~320 K, a reordering of the surface species into the most stable geometry of O-NBD

was attested in the O 1s measurements. Having heated to 450 K, no oxygen-containing
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fragments were monitored, except for minor impurities prior to the dosage. The temperature-
programmed experiment of O-QC in the O 1s region revealed the desorption of the
coadsorbed water upon heating to above 180 K.?”3! In the suggested fit model, the
introduction of a new surface species starting at ~190 K agreed with the C 1s experiment.
Only for temperatures above 310 K, the O 1s spectra of O-NBD and O-QC could be fitted with
the same peak widths; although the binding energy positions deviated slightly, by less than
0.3 eV, the existence of identical surface species appeared reasonable. That is, the findings in
the O 1s region confirmed that the cycloreversion reaction from O-QC to O-NBD proceeded

guantitatively on Pt(111).

4.5.2 XPS results of exO-NBD/QC

Next, the surface chemistry of the extended ester-substituted derivatives exO-NBD/QC is
discussed. The adsorption of exO-NBD on Pt(111) at 115 K is shown in Figure 4.11a, which
depicts the in situ growth of the spectra up to the final carbon coverage of 0.36 ML. The line
shape was reproduced by five peaks at a fixed intensity ratio (see Figure 4.11c, blue). Again,
the spectral appearance was utilized as characteristic fingerprint, whereby more detailed
information on single contributions was not accessible. Nonetheless, the area of the three
peaks at highest binding energies corresponded to the number of carbon atoms that are
directly bound to oxygen; the remaining two peaks represented the sp? carbon atoms of the
NBD subunit and the phenyl moieties. In general, the comparison to the XP spectra of
unsubstituted NBD™®4 and benzene on Pt(111)72 reconciled the acquired spectrum of exO-
NBD, when considering the contributions of the ester groups?’!! and the oxygen atom of the
oxa-NBD subunit. The waterfall plot of the exposure of Pt(111) at 115 K to the energy-rich
ex0-QC is given in Figure 4.11f, yielding a carbon coverage of 0.41 ML. The fit model of the
obtained spectrum included five peaks at similar positions of exO-NBD but with deviating
relative intensities, especially at lower binding energies (see Figure 4.11d, orange). As before,
the spectrum was replicable when taking the individual molecular moieties into account.*64
271, 272

I Thus, both valence isomers were demonstrated to adsorb molecularly on Pt(111) at

low temperatures, while being distinguishable in terms of their spectral line shapes.
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Figure 4.11: (a, f) C 1s spectra during exposure of Pt(111) to exO-NBD and exO-QC at 115 K; (b, e) Selected XP
spectra of the respective temperature-programmed experiment (TPXPS) up to 480 K; (c, d) Representative
surface species with corresponding fit model (color-coded). A spectroscopic distinction is possible upon
adsorption (see 115 K); the absence of spectral features of exO-NBD in the exO-QC experiment indicates no
cycloreversion to exO-NBD at any temperature. Note different scaling factors in (c). Reprinted with permission
from Ref. [302]. Copyright (2023) AIP Publishing.

The respective reaction pathways of exO-NBD/QC were deduced in temperature-
programmed experiments. Figure 4.11b and 4.11e show selected C 1s spectra at represen-
tative temperatures. In the course of the exO-NBD measurements, pronounced molecular
desorption set in directly after starting the heating ramp; up to 200 K, about 60% of the carbon
coverage has desorbed, analogous to the behavior of O-NBD but to a greater extent and at
lower temperatures. That is, an overall weak adsorption energy was determined for exO-NBD.
It was suggested that with increased size of the derivative, the most favorable adsorption sites
were not occupied; instead a random sticking of the molecules in various motifs occurred, 38!
whereby heating induced the surface species to desorb before a rearrangement could take

place.3%! Above 135 K, the emerging peak for carbon monoxide (CO) at on-top sites?*®! (see
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Figure 4.11c, green) marked the decomposition onset of the molecular framework. As two
equivalents of CO were formed from each exO-NBD molecule, the remaining fragments were
attributed to cleaved oxa-NBD and benzyloxide-like species®'% (see Figure 4.11c, light blue).
Heating to above 250 K gave rise to CO also in bridge position?*®! (see Figure 4.11c, green); its
quantification amounted to two additional equivalents, so that the dissociation into phenyl
moieties1% 311 was proposed next to the thermally stable oxa-NBD subunit (see Figure 4.11c,
yellow). Starting at 370K, further fragmentation into unspecified residues!*®* 16 was
monitored (see Figure 4.11c, brown), while the CO peaks have disappeared above 470 K,312
and carbide structures%3 3% were observed simultaneously (see Figure 4.11c, gray). For exO-
QC, an analogous decomposition pathway was concluded. The early desorption between 125
and 220 K of about 49% of the surface species implied a lower adsorption energy compared
to the smaller O-QC derivative (see above). As for exO-NBD, the formation of COR2*%! (see
Figure 4.11d, green) began at 135 K and indicated the dissociation of the molecular framework
(see Figure 4.11d, light orange).l3'% 314 Beside the cleaved oxa-QC subunit, the same degra-
dation products were expected as for the exO-NBD experiment, whereby the second
fragmentation step occurred at 270 K (see Figure 4.11d, yellow). Since the signals overlapped,
it could not be ascertained if the cycloreversion from the oxa-QC to the oxa-NBD subunit
proceeded. However, the liquid-phase investigations of the molecule pair (see below) stated

a successfully triggered isomerization under these conditions.

Complementary experiments of exO-NBD/QC were carried out in the O 1s region. The
exposure of Pt(111) at 115 K to the derivatives achieved the molecular adsorption of com-
parable amounts, respectively. The O 1s spectrum of exO-NBD was reproduced by three peaks
with an intensity ratio of 1:2:2, which suited the number of oxygen atoms in equivalent
chemical environment. Likewise to the above-described O-NBD, the peaks at higher binding
energies were ascribed to the oxygen atoms of the ester moiety.[?7% 273 3% The oxygen atom
of the oxa-NBD subunit was again found at lower binding energy position. Equally, the
adsorption in a “side-on”-like geometryl64 166, 167, 2501 \5 55 syggested, wherein the oxygen
atom of the oxa-NBD subunit points towards the surface. In the case of ex0-QC, the obtained
line shaped resembled that of exO-NBD, with exception of a less distinct shoulder at lower
binding energy side. The used fit model was identical apart from slightly different widths of

the peaks. That is, the derivatives exhibited adsorption motifs of the same kind. Moreover,
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minor water impurities’?’3! in the experiment of exO-QC originated from its synthesis, as

observed for the O-QC derivative.

The TPXPS data in the O 1s region supported the reaction pathways, derived on the basis
of the C 1s experiments. For exO-NBD, the significant decrease of the oxygen coverage upon
heating to 180 K corresponded to the previously stated desorption behavior. Above 145 K, the
emerging CO, at on-top sites,?*®! and the remaining dissociation products®® were also
monitored in the O 1s spectra. Having heated to 250 K, the additional formation of CO in
bridge positions!?*?! was supported, whereby the CO species desorbed completely above
460 K.13121 Regarding exO-QC, the contributions of the coadsorbed water vanished up to
200 K.2731 Besides, the same trend for molecular desorption as in the C 1s measurements was
confirmed. In addition, the found stability boundaries and decomposition products were
corroborated by the detection of CO and oxygen-containing residues in the O 1s experiments

in equivalent temperature ranges.

4.5.3 Catalytic behavior in the liquid phase

The catalytic activity of Pt(111) for the energy release of the hetero-QC derivatives was also
assessed in liquid-phase experiments under more realistic conditions by PC-IRRAS. Charac-
teristic IR bands of the respective molecules were determined through transmission IR spectra
in a KBr matrix, acquired beforehand. The photoconversion to the O-QC and exO-QC isomer
was achieved by irradiation with an UV LED (Amax = 275 nm), whereby the complete isomer-
ization was proven by NMR. Thus, particular bands acted as spectroscopic marker for the
identification of the species in the in situ PC-IRRAS experiments.['®®] The time-resolved
measurements on Pt(111) were performed with a solution of 10 MM O-NBD/exO-NBD in
acetonitrile (MeCN) in a thin-layer configuration of few microns, so that diffusion to the bulk
was impeded.[3%% 3151 After the measurement of a reference spectrum, time-resolved spectra
(resolution of 0.5 s) were collected for 1500 s, while the thin layer was irradiated for 80 s after
1s. That is, the formation and consumption of specific IR bands, which were assigned by
means of the transmission spectra, indicated the isomerization between the respective NBD
and QC derivatives. Upon irradiation, the photoconversion from O-NBD to O-QC was
monitored; having turned off the UV LED, the cycloreversion to O-NBD was deduced from the
recurrence of its according IR bands. Analogously, the extended exO-NBD/QC pair was

photoswitchable and revealed the subsequent back conversion. To exclude diffusion effects
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and a thermal trigger but affirm the catalytic activity of Pt(111) for the cycloreversion, blank
experiments with inert HOPG?°% 316l were conducted, on which the decrease of the features

of the QC derivatives was significantly slower.

To determine the reaction rates of the cycloreversion reactions and the corresponding
selectivities, the data was evaluated quantitatively. After calibration and detection of the
extinction coefficients, the concentrations of the respective species were calculated. During
irradiation of O-NBD, its amount and that of the photoisomer O-QC leveled off after ~50s,

1 was

indicative of a complete conversion. Thereafter, a rate constant of k = 5.3 X 107 * s~
found for the decrease of the concentrations on Pt(111), with the cycloreversion itself as rate-
determining step.'7! A selectivity of > 99% was obtained for the reaction from 0-QC to
O-NBD. Likewise, the photoconversion from exO-NBD to exO-QC was attested; the observed
reaction rate for the back conversion was comparable with k = 6.3 X 10~* s~ at a selectivity
of 98%. In contrast to the UHV results (see above), both oxa-NBD/QC derivatives displayed a
similar behavior, which was attributed to a passivation of the Pt(111) surface by carbonaceous
species that were present under ambient conditions. Thereby, the overall activity was reduced

but also the suppression of decomposition pathways equally increased the selectivity for both

molecule pairs.
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Scheme 4.4: Deduced reaction pathways on Pt(111): (a) For the molecule pair O-NBD/O-QGC, rearrangement steps
upon heating and energy release in quantitative cycloreversion to O-NBD above 310 K; decomposition starting
at 380 K yields C-H fragments and carbide. (b) For exO-NBD/exO-QC, observation of molecular desorption and
no cycloreversion reaction before fragmentation above 135 K under detachment of substituents and formation
of carbon monoxide (CO); subsequent degradation at 250 or 270K, and final decomposition above 370 K.
Reprinted with permission from Ref. [302]. Copyright (2023) AIP Publishing.
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In conclusion, this study investigated the surface chemistry of hetero-NBD/QC derivatives
on Pt(111). Synchrotron radiation-based XPS experiments gave qualitative information on the
adsorption motifs: A spectroscopic distinction of the molecules was possible after adsorption
at low temperatures, whereby a “side-on” geometry was suggested for all compounds. Based
on the desorption processes, O-NBD was expected to exhibit lower adsorption energies than
0O-QC; an even weaker interaction with the substrate was concluded for the benzyl-extended
molecules. Moreover, the respective reaction pathways were deduced upon heating (see
Scheme 4.4): For O-NBD, the rearrangement into its most stable adsorption motif was
observed between 210 and 310 K. O-QC also showed a reordering step above 180 K, while the
energy release in the cycloreversion to O-NBD occurred within 310 to 340 K. The decom-
position, starting at 380 K, yielded C-H fragments and eventually carbide. In the case of the
exO-NBD/QC pair, the thermal stability was given only until 135 K. The dissociation resulted in
the formation of CO and benzyloxide-like species. At higher temperatures, the fragmentation
into phenyl species took place, followed by C-H residues and carbide structures. Com-
plementary liquid-phase experiments determined the reaction rates of the cycloreversion and
assessed the selectivites, which were similar for both systems. The less pronounced
differences in the liquid phase were explained by the passivation of the surface. Nevertheless,
Pt(111) was demonstrated to be catalytically active for the energy release from the oxa-QC

derivatives with a very high selectivity.

Adapted with permission from Ref. [302]. Copyright (2023) AIP Publishing.
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4.6 Review: Surface Science Studies of NBD/QC Derivatives!!

In the context of the presented work, a review article®!8 about surface science investigations
on the NBD/QC system and its derivatives was published as [P5]. It comprises a brief historical
description from the first synthesis of NBD'9%114] to the utilization of its photoisomerization
to QC[®¥ 107, 117-120, 313, 3201 55 novel energy storage possibility and the development of
derivatives with optimized properties for potential molecular solar thermal (MOST)
applications.[6: 50, 51,54, 791 To gvercome intrinsic and technical limitations concerning the
overall efficiency,>” studies on the reaction behavior, in particular the heterogeneously
catalyzed energy release, on model surfaces give crucial insights for a knowledge-driven
improvement of molecule and catalyst design.['®®! The focus was set on experiments under
well-controlled UHV conditions and photochemical liquid-phase measurements. That is,
information on adsorption geometries and reaction mechanisms was obtained, assessing the
feasibility of the cycloreversion from the respective QC derivative to its NBD isomer and
identifying competing processes, especially, desorption and decomposition routes. Besides,
various fields of application were demonstrated with the unique light-harvesting and storage

characteristics of actual NBD-based devices.[5!

Several compound classes are known to act as molecular photoswitches.*?!l However, the
essential requirements for an applicability as MOST system!®%-82] |ed to the selection of the
NBD/QC molecule pair:[767% 85 1581 While exhibiting a reasonable energy storage density!83-8!
and a pronounced stability of its photoisomer,[19-198] ynsubstituted NBD features an
absorption onset in the UV rangel®1%U and displays a low quantum yield without sensitizer.!””
87-89,92] Therefore, derivatization of the molecular framework allows for enhanced efficiencies
of the photoconversion at a better overlap®! with the solar spectrum.[82 109,128,322 A plethora
of synthetically available derivatives was classified according to their different substitution
patterns.[1?1: 123127 |n general, a reciprocal relation between the redshift of the absorption
bands!®? and the storage capacity, due to an increase of the molecular mass, was ob-
served.33] Theoretical modelling supported the search for kinetically stable NBD molecules

of interest.[134-136.324] Regarding their size and electronic qualities, many 2,3-disubstituted NBD

derivatives!!0% 102,125-1331 gpnear as promising candidates.

The energy-releasing cycloreversion from the particular QC to NBD derivative has to

proceed in a controlled and efficient manner. For that, the back conversion can be initiated by
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a thermal, 83 1981 catalytic,'37 149 or electrochemical trigger.[*** 1471 Various transition metals
are known to be catalytically active towards the rearrangement reactions of cyclic organic
molecules.[1% 1381 \Whijle the energetic barrier for the isomerization is decreased between
radical species,*4> 146 photoelectrochemical approaches!**?! yield higher selectivities with less
electrode fouling.[**8! Furthermore, the concept of coupling MOST molecules to a suitable
semiconductor electrode aims to release the stored energy in form of electricity instead of

heat.[149]

To begin with, findings on the unsubstituted NBD/QC system were condensed, including
its electrochemical characterization!**®! and the surface chemistry of both isomers on different
catalyst materials. Specifically, the adsorption and reactivity of NBD on Pt(111) was assessed
in multiple publications,*®1163] whereupon both NBD and its photoisomer QC were
investigated in a multi-method (XPS, UPS, IRRAS, DFT) study for the first time.[*®¥ |n addition,
photoelectrochemical IRRAS (PEC-IRRAS) experiments with a Pt(111) working electrode in the
liquid phase combined the photoconversion from NBD to QC and the electrochemically
triggered back conversion, so that information on the reversibility of the system was
obtained.['®1 IRRAS measurements in UHV confirmed the light-induced conversion from NBD
to QC on Pt(111) using Michler’s ketone as sensitizer.!*2>] Analogously, the reaction behavior
of the NBD/QC pair was deduced on Ni(111) by synchrotron radiation-based XPS and UPS

measurements, supported by DFT calculations.[*6¢!

Having discussed the unsubstituted NBD/QC molecules, selected 2,3-disubstituted
derivatives were regarded, categorized into symmetric and asymmetric compounds. As
outlined before, enhanced reaction properties are anticipated by means of appropriate
substitution of the parent NBD structure. Besides, a different surface chemistry of the
derivatives might yield increased activities and/or higher stability limits on the catalyst.
Table 4.1 gives an overview of the considered NBD/QC-based systems on the respective
surfaces. Data on the absorption onset, the triggered energy release, the stability, and the
adsorption are specified if available; detailed results of the particular investigations can be

found in the corresponding literature (see references).

As first model system, the reactivity of 2,3-dibromo-NBD/QC (NBD2) on Ni(111) was
explored by XPS and UPS, whereby DFT calculations resolved the related adsorption

motifs.[67] In a follow-up study, the 2,3-dicyano-NBD/QC (NBD3) couple was investigated on
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Ni(111).12°% The influence of a heteroatom at the bridgehead position was analyzed for

different ester-substituted oxa-NBD/QC pairs on Pt(111), including experiments on 2,3-

bis(methylester)-oxa-NBD/QC (NBD4).302]

Table 4.1: Listing of the considered NBD derivatives (with their respective absorption onset Aonset) in combination

with the surface to catalyze the energy release of the corresponding QC isomer under the stated conditions.

Subject to availability, the adsorption geometries and stability limits are described. More information can be

found in the associated references. Note that derivatized NBD molecules are written in bold. Adapted with
permission from Ref. [318] under license CC BY-NC 4.0 DEED. Copyright (2024) John Wiley and Sons.

MOoLECULES Aonset SURFACE ENERGY RELEASE| ADSORPTION STABILITY REF.
Pt(111) at 125 K nZn’ thermal: 190 K [164]
/ 267 nm | + sensitizer (MK) or 0.32 V¢, n/a 96% selectivity | [165]
NBD Ni(111) at~168 K n2:n2 thermal: 190 K | [166]
7 Br “side-on” partial dissoc.
n/a Ni(111) at 170 K (at 120 K), [167]
Br Braway thermal: 190 K
NBD2 ermat.
CN
? 345 nm Ni(111) at 175 -260 K n2:n? thermal: 290 K [250]
CN
NBD3
o o
“side-on”-like
AN/ o at 310 - 340K thermal: 380 K
2 Pt(111 brid 2
N 332nm 1) k=5.3x104 g1 | PrAGEOVEEN | o000 otective | 20
4 towards surface)
NBD4
f Pt(111) at 140 - 230K no “side-on” thermal: 300 K [270]
<N
’ © 350 Ni(111) / oxygen-bound thermal: 160 K [270]
nm
O Au(111) instantaneous | upright standing |desorption: 250 K| [290]
NBD5 HOPG for2 0.5 Vg, n/a 60% selectivity | [296]
(o]
; b o N for 2 0.3 Vi, 2 99.3%
380 nm HOPG completed at n/a selectivity [296]
0.4V, (electrochemical)
OMe
NBD6
b O OMe Pt(111) 0.02-0.92 V. n/a > 99% reversible | [315]
~ oOMe 389 nm HOPG 0.02-0.82 V. n/a 99.8% reversible | [316]
‘Nep7 Au(i11)  [k=2x10ms n/a > 1000 cycles | [287]
CN . . desorption:
%b/ 310 nm Au(111) instantaneous TOTAn plane, 320 K (multi) [288]
A (monolayer) NBD anchored 600 K (mono)
NBD8
oo anchored desorption:
; n/a Co30,(111) n/a (chelating), 240 K (multi) [327]
NBD9 flat/standing thermal: 400 K
COOH ) desorption:
thermal barrier: .
g b O 378 nm Co,0,(111) 103 kJ mol- ancho.red 280 K (multi) [328]
- (350 — 370 K) (chelating) thermal: 570 K [329]
NBD10 98.5% reversible
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The asymmetric derivatives were ordered according to their type of initiating the
cycloreversion reaction. First, studies with a catalytic trigger were presented: The energy
release from the promising push-pull conjugated 2-carbethoxy-3-phenyl-NBD/QC (NBD5)
pairl268 2691 was examined on several surfaces. Synchrotron radiation-based XPS measure-
ments compared the reaction routes on Pt(111) and Ni(111), respectively.?’?! In a combined
liquid-phase and surface science study, the catalytic activity of gold was assessed for the same
molecule system.!?®® Applying an external potential was demonstrated to also induce the
cycloreversion, ideally in terms of an autocatalytic reaction pathway; these electrochemical
experiments were described next: The influence of the substitution on the energy release was
evaluated with PEC-IRRA spectra of structurally similar derivatives, namely, NBD5 and NBD6
that is extended by a methoxy moiety in comparison.[?*®! Moreover, the overall cyclability of
2-cyano-3-(3,4-dimethoxyphenyl)-NBD/QC (NBD7) was determined by PEC-IRRAS on
Pt(111),B%! and subsequently on the HOPG electrode;?®'®! the dependence of the rate

constant of the cycloreversion to NBD7 on the applied potential was revealed on Au(111).1287]

Finally, studies on linking NBD molecules to the surface through suitable anchoring groups
or platforms were summarized: Among others, trioxatriangulenium (TOTA)-functionalized
NBD/QC derivatives (NBD8) were shown to be stable under ambient conditions.?®! Their
ordering and interconversion was explored on Au(111) by use of IRRA spectroscopy and
supporting DFT calculations;[?88 concerning the catalytic activity of gold for the isomerization,
the correspondence to the literature-known single-triplet mechanism of azobenzenes!?®®! was
checked. The adsorption and thermal stability of well-defined NBD films of 1-(2’-
norbornadienyl)pentanoic acid (NBD9) was investigated in IRRAS experiments on
C0304(111)/Ir(100).B?"1 The coupling of a switchable NBD unit, specifically 2-cyano-3-
(4-carboxyphenyl)-NBD (NBD10), to the same semiconducting Co304(111) surface was
surveyed regarding its stability, activation barriers, and reversibility;3?®! furthermore, the
system was probed by PEC-IRRAS in solution, whereby the anchored monolayer, prepared in

UHV, was measured in the liquid electrolyte.3%°!

The general technical feasibility of NBD/QC molecules for MOST applications has been
stated in process analyses;"® 33% yet, the efficiencies strongly depend on the utilized range of
the incoming solar light and the quantum yield of the photoconversion, which is addressed by
sophisticated molecular design. Liquid derivatives*3!l that do not require additional solvents

as well as molecules embedded in processable matrices!™>* 1! feature particular advantages
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for an implementation. Hybrid approaches complement the absorption profile of the MOST
unit, e.g., by a solar water heating system>%! or phase-change material,*>”! so that the overall
efficiency is increased. The stored energy is most accessible in form of heat, while
measurements under operation conditions demonstrated the macroscopic heat release from
NBD-based systems to be possible.l'>3! Altogether, the appropriate tuning of the physico-

chemical parameters!”?! of the NBD/QC molecule pair enables its applicability.®!

In conclusion, this review illustrated the development of the NBD/QC pair in view of its
derivatization and the facile triggering of the energy release on different surfaces. Results of
UHV and liquid-phase studies were presented, which involved the photoisomerization to the
respective QC derivative and/or the cycloreversion back to the relaxed NBD isomer. That is,
information on the adsorption behavior, deduced reaction mechanisms, and the cyclability of

the particular molecules was obtained, assessing their practicality as potential MOST system.

Adapted with permission from Ref. [318] under license CC BY-NC 4.0 DEED. Copyright (2024) John Wiley and Sons.
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5 Summary

The transition from an infrastructure based on fossil fuels to renewable energy sources is one
of the most decisive challenges in the 21 century. Due to the intermittent character of solar
and wind power, novel energy storage solutions are indispensable to compensate for energy-
deficient periods. Alongside photovoltaic approaches, the utilization of sunlight can be
realized to store energy in a chemical manner. So-called molecular solar thermal (MOST)
systems are of interest, since light harvesting and intrinsic storage are directly combined in
one-photon one-molecule processes. This concept makes use of the reversible isomerization
between a suitable molecule pair that represents the respective energy-lean and -rich state.
Upon irradiation, the photoconversion into the strained isomer is induced, and later the
energy-releasing back reaction to the relaxed compound is catalytically triggered on demand.
By means of heterogeneous catalysis, a closed energy storage cycle can be proposed for MOST

molecules (energy storage, adsorption, energy release, desorption).

In particular, the valence isomers norbornadiene (NBD) and quadricyclane (QC) exhibit
advantageous properties for MOST applications: Next to a high energy storage capacity, the
photoisomer features a reasonable stability; however, the absorption profile of unsubstituted
NBD, with an onset in the UV range, does not coincide sufficiently with the incoming solar
spectrum. To overcome this issue, derivatization of the NBD framework with appropriate
substituents allows for a redshift of the absorption bands and therefore an enhanced overlap,
yielding higher photoconversion efficiencies. Still, the trade-off is an increased molecular
weight, resulting in lower energy storage densities. To date, a plethora of synthetically
available derivatives is known. Especially, the 2,3-disubstitution of NBD appears viable in

terms of large-scale applications.

Surface science investigations support the search for promising molecule and catalyst
design. Information on adsorption motifs and thermally induced reaction pathways of
interesting NBD/QC derivatives on different materials gives important insights for a
knowledge-driven optimization of the respective systems. Thus, in the context of this thesis,

fundamental model catalytic studies of several tailored molecules were conducted in a well-
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defined ultra-high vacuum (UHV) environment. Specifically, synchrotron radiation-based X-ray
photoelectron spectroscopy (XPS) was utilized as surface-sensitive technique. Hereby, the
adsorption of the compounds on the catalytic surfaces was observed in situ allowing for the
identification of spectroscopic fingerprints of the distinct species. Subsequent temperature-
programmed measurements unraveled the reaction behavior at elevated temperatures,
providing mechanistic findings. Primarily, the feasibility of the cycloreversion from the
strained QC derivative to its relaxed NBD isomer was assessed. The extent of this back
conversion conditions the practicality of a certain MOST pair. Moreover, the stability
boundaries of the considered molecules were determined and, if possible, the decomposition
routes specified. The interaction strength between surface species and substrate was

available by observation and quantification of desorption processes.

The surface chemistry of the molecule pair 2,3-dicyano-NBD/QC was investigated on
Ni(111), whereby (CN),-NBD features a redshifted absorption onset of more than 40 nm,
compared to NBD. XP spectra acquired during exposure to (CN),-NBD at 130 K revealed its
characteristic line shape and confirmed an intact adsorption without dissociation at low
temperatures. The energy-rich (CN).-QC was also stable under these experimental conditions
and clearly distinguishable from (CN),-NBD. The energy release in the course of the
cycloreversion reaction from (CN),-QC to (CN),-NBD was monitored between 175 and 260 K.
Heating to 290 K marked the thermal stability limit of the molecular framework, exceeding
that of unsubstituted NBD by about 100 K. At higher temperatures, the detachment of the
cyano moieties and the formation of C-H fragments was proposed. Above 400 K, carbide and

nitride species were finally observed next to amorphous carbon structures.

The 2-carbethoxy-3-phenyl-derivatization of NBD/QC (PENBD/PEQC) is known to result in
advantageous properties regarding application as MOST system: Compared to the parent
molecules, the adsorption onset of PENBD is redshifted to 359 nm, while the isomerization
proceeds at high quantum yields without any sensitizer, and the photoisomer PEQC exhibits
an extraordinarily long half-life. High-resolution XPS investigations on this promising molecule
pair were carried out on Pt(111) and Ni(111). The quantitative evaluation of the temperature-
programmed XPS (TPXPS) experiments revealed the specific reaction pathways: Utilizing
Pt(111) as catalyst surface, the cycloreversion from PEQC to PENBD took place between 140
and 230K; no side product formation indicated a complete conversion. Unlike to un-

substituted QC on Pt(111), the energy release was accessible at higher temperatures in
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a controlled manner. Besides, the stability of PENBD was much higher, as the detection of
carbon monoxide (CO) constituted the beginning of its fragmentation only above 300 K. On
Ni(111), the isomerization to PENBD was not achieved at any temperature, since individual
decomposition routes already set in at 160 to 180 K. Notably, in the PENBD experiment, only
10% of the surface species remained after heating to 300 K, namely CO and carbonaceous
residues. For PEQC, atomic oxygen was formed above 180 K alongside these decomposition

products.

Findings on the kinetics of isomerization reactions stated a very high catalytic effect for
gold surfaces. That is, the introduced PENBD/PEQC pair was also surveyed by XPS on a gold
film, prepared by physical vapor deposition (PVD) on Pt(111). The adsorption of PENBD and
PEQC was conducted at 110 K in dedicated experiments. Still, the collected XP line shapes did
not display remarkable differences reasoning the existence of equivalent surface species.
Therefore, the instantaneous cycloreversion from PEQC to PENBD was concluded, confirming
the high energy release rate induced by gold. Starting the heating ramp of the TPXPS
experiment, subtle changes in the XP spectra above 135 K were attributed to a rearrangement
of PENBD to more stable adsorption geometries. Above 250 K, the entire PENBD has desorbed
molecularly; minor residues on the surface were due to decomposition to a small extent,

promoted by defects in the gold film.

Ester-substituted oxa-NBD/QC molecule pairs were investigated on Pt(111) to assess the
influence of a heteroatom at the bridgehead within the framework. Functionalization at this
position was found to enhance the photoconversion and affects the energy storage density.
Moreover, the bridging methylene group of NBD was particularly involved in previous
decomposition routes, so that an increased thermal stability of bridge-functionalized NBDs
was anticipated. The interaction of hetero-NBD/QC compounds with the Pt(111) catalyst
surface was studied in XPS experiments of 2,3-bis(methylester)-NBD/QC (O-NBD/QC) and the
extended 2,3-bis(benzylester) derivatives (exO-NBD/QC). The reaction pathways of O-NBD/QC
implied rearrangement steps of the molecules on the surface, before the cycloreversion from
0O-QC to O-NBD took place between 310 and 340 K in a quantitative manner. A remarkable
thermal stability limit of 380 K was determined; heating further gave rise to C-H fragments
and eventually carbide. The energy release from the extended exO-QC was not observed in
the corresponding TPXPS experiment. Instead, simultaneously to the decline of the surface

coverage, first changes in the exO-NBD/QC XP spectra were monitored starting at 135 K; the
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attribution to CO was indicative of an early decomposition onset, whereby the fragmentation
resulted in benzyloxide- and oxa-NBD/QC-like species. The further evolution of CO above 250
or 270 K suggested the existence of phenyl species; beyond 370 K, unspecified C-H fragments

and carbide structures emerged.

In conclusion, this thesis comprises fundamental model studies on auspicious NBD/QC
derivatives by means of synchrotron radiation-based XPS in order to promote the progress
from the unsubstituted parent molecules towards MOSTs tailored by molecular design. To
obtain optimal performance in the energy release, the catalytic activity of different materials
was assessed. Altogether, information on adsorption motifs, desorption processes, and the
interaction strength with the substrate was gained. The general feasibility of the energy
release in a specific temperature range was examined in detail. Additionally, the respective
stability limits of the molecules were identified, which particularly determine the practicality
of the considered systems. In this way, factors to optimize the overall efficiency of derivatized

NBD/QC pairs were addressed in terms of a fully reversible energy storage cycle.
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6 Zusammenfassung

Der Wandel von einer auf fossilen Brennstoffen basierenden Infrastruktur zu erneuerbaren
Energiequellen stellt eine der gréBten Herausforderungen des 21. Jahrhunderts dar. Aufgrund
des diskontinuierlichen Charakters von Solar- und Windkraft sind neuartige Energie-
speicherlésungen unabdingbar, um energiedefizitire Zeitrdume zu kompensieren. Neben
photovoltaischen Lésungen kann Sonnenenergie auf chemische Weise gespeichert werden.
Sogenannte molekulare solarthermische Systeme (MOST) sind von Interesse, welche
Energiegewinnung und intrinsische Speicherung direkt in Ein-Photon-Ein-Molekiil-Prozessen
kombinieren. Dieses Konzept nutzt die reversible Isomerisierung zwischen einem geeigneten
Molekilpaar, das den jeweiligen energiearmen und -reichen Zustand reprdsentiert. Durch
Bestrahlung erfolgt die Photoumwandlung in das verspannte Isomer und zu einem spdteren
Zeitpunkt wird bei Bedarf die energiefreisetzende Rickreaktion zur spannungsfreien
Verbindung katalytisch induziert. Mittels heterogener Katalyse kann ein geschlossener
Energiespeicherzyklus fiir MOST-Molekiile realisiert werden (Energiespeicherung, Adsorption,

Energiefreisetzung, Desorption).

Im Besonderen weisen die Valenzisomere Norbornadien (NBD) und Quadricyclan (QC)
vorteilhafte Eigenschaften fir MOST-Anwendungen auf: Neben einer hohen Energie-
speicherkapazitat zeichnet sich das Photoisomer durch eine adaquate Stabilitat aus; allerdings
stimmt das Absorptionsprofil von unsubstituiertem NBD, mit einem Beginn im UV-Bereich,
nicht ausreichend mit dem Spektrum der Sonne Uberein. Zur Losung dieses Problems
ermoglicht die Derivatisierung des NBD-Grundgerists mit geeigneten Substituenten eine
Rotverschiebung der Absorptionsbanden und damit eine vergréRerte Uberlappung, wodurch
héhere Effizienzen bei der Photoumwandlung erzielt werden. Dabei ist ein Kompromiss mit
dem erhohten Molekulargewicht und den daraus resultierenden niedrigeren Energie-
speicherdichten zu finden. Bisher ist eine Vielzahl an synthetisch verfligbaren Derivaten
bekannt. Vor allem die 2,3-Disubstituierung von NBD erscheint praktikabel im Sinne einer

Anwendung im groBtechnischen Mal3stab.
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Oberflachenuntersuchungen unterstiitzen die Suche nach vielversprechenden Molekiilen
und entsprechenden Katalysatoren. Informationen Uber die Adsorptionsmotive und
thermisch induzierte Reaktionspfade interessanter NBD/QC-Derivate auf verschiedenen
Materialien geben wichtige Erkenntnisse flr eine wissensbasierte Optimierung der jeweiligen
Systeme. Deshalb wurden im Rahmen dieser Dissertation grundlegende modellkatalytische
Studien von mehreren maRgeschneiderten Molekiilen in einer wohldefinierten Ultrahoch-
vakuum-Umgebung durchgefiihrt. Dabei wurde Synchrotronstrahlung-basierte Rontgen-
photoelektronenspektroskopie als oberflaichensensitive Methode genutzt, um die Adsorption
der Verbindungen auf den katalytischen Oberflachen in situ zu beobachten; auf diese Weise
konnten spektroskopische Fingerabdriicke der einzelnen Spezies identifiziert werden.
AnschlieBende Temperatur-programmierte Messungen kldarten das Reaktionsverhalten bei
erhohten Temperaturen auf, womit mechanistische Befunde erhalten wurden. Vorrangig
wurde die Durchfiihrbarkeit der Cycloreversion vom verspannten QC-Derivat zum spannungs-
freien NBD-Isomer beurteilt. Das Ausmal dieser Riickumwandlung bedingt die praktische
Anwendbarkeit des jeweiligen MOST-Paars. Zudem wurden die Stabilitatsgrenzen der
betrachteten Molekiile bestimmt und, wenn mdglich, die Zersetzungswege spezifiziert. Die
Beobachtung und Quantifizierung von Desorptionsprozessen ermoglichte Aussagen Uber die

Interaktionsstarke zwischen den Oberflachenspezies und dem Substrat.

Die Oberflachenchemie des Molekilpaars 2,3-Dicyano-NBD/QC wurde auf Ni(111)
untersucht, wobei (CN).-NBD sich durch einen rotverschobenen Absorptionsbeginn von mehr
als 40 nm im Vergleich zu NBD auszeichnet. Die XP-Spektren, welche wahrend der Dosierung
von (CN),-NBD bei 130K aufgenommen wurden, zeigten dessen charakteristisches
Linienprofil und bestdtigten eine intakte Adsorption ohne Dissoziation bei niedrigen
Temperaturen. Das energiereiche (CN),-QC war unter diesen experimentellen Bedingungen
ebenfalls stabil und eindeutig von (CN),-NBD unterscheidbar. Die Energiefreisetzung im Zuge
der Cycloreversion-Reaktion von (CN).-QC zu (CN),-NBD wurde zwischen 175 und 260 K
festgestellt. Die thermische Stabilitatsgrenze lag bei 290 K und Ubertraf somit jene von
unsubstituiertem NBD um ungefahr 100 K. Bei héheren Temperaturen erfolgte die Abspaltung
der Cyano-Gruppen und die Bildung von C-H-Fragmenten. Oberhalb von 400 K waren

schlieBlich Carbid- und Nitrid-Spezies neben amorphen Kohlenstoffstrukturen beobachtbar.
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Die 2-Carbethoxy-3-phenyl-Derivatisierung von NBD/QC (PENBD/PEQC) ist bekannt fir
vorteilhafte Eigenschaften beziglich ihrer Anwendung als MOST-System: Verglichen mit den
Ursprungsmolekiilen ist der Absorptionsbeginn von PENBD zu 359 nm rotverschoben,
wahrend die Isomerisierung unter hohen Quantenausbeuten ohne Sensibilisatoren ablauft
und das Photoisomer PEQC eine aullergewodhnlich lange Halbwertszeit aufweist. Hoch-
aufgeloste XPS-Untersuchungen dieses vielversprechenden Molekilpaars wurden auf Pt(111)
und Ni(111) durchgefiihrt. Die quantitative Auswertung der Temperatur-programmierten XPS
(TPXPS)-Experimente offenbarte die jeweiligen Reaktionspfade: Bei Verwendung von Pt(111)
als Katalysatoroberflache fand die Cycloreversion von PEQC zu PENBD zwischen 140 und 230 K
statt; die Abwesenheit von Nebenprodukten deutete dabei auf eine komplette Umwandlung
hin. Im Gegensatz zu unsubstituiertem QC auf Pt(111) war die Energiefreisetzung bei héheren
Temperaturen auf eine kontrollierte Weise zuganglich. Aulerdem war die Stabilitdt von
PENBD um einiges hoher, da erst die Detektion von Kohlenstoffmonoxid (CO) Gber 300 K auf
dessen Fragmentierung hinwies. Auf Ni(111) wurde die Isomerisierung zu PENBD bei keiner
Temperatur erreicht, da individuelle Zerfallswege schon bei 160 bis 180 K einsetzten.
Auffallend im PENBD-Experiment war, dass nach Heizen auf 300 K nur 10 % der Spezies auf
der Oberflache verblieben, namlich CO und kohlenstoffhaltige Riickstande. Fir PEQC wurde

neben diesen Zersetzungsprodukten atomarer Sauerstoff oberhalb von 180 K gebildet.

Untersuchungen zur Kinetik von Isomerisierungsreaktionen zeigten eine sehr hohe
katalytische Wirkung von Goldoberflachen. Daher wurde das vorgestellte PENBD/PEQC-Paar
auch mittels XPS auf einem Goldfilm charakterisiert, der durch physikalische Gasphasen-
abscheidung auf Pt(111) prapariert wurde. Die Adsorption von PENBD und PEQC erfolgte bei
110K in dedizierten Experimenten. Dennoch wiesen die ermittelten XP-Linienprofile keine
bemerkenswerten Unterschiede auf, was die Existenz von dquivalenten Oberflachenspezies
nahelegte. Die Schlussfolgerung war deshalb die unmittelbare Cyloreversion von PEQC zu
PENBD, was die hohe Rate der Energiefreisetzung durch Gold bestatigte. Nach Starten der
Heizrampe im TPXPS-Experiment wurden geringfiigige Anderungen in den XP-Spektren,
beginnend bei 135K, einer Umlagerung von PENBD in stabilere Adsorptionsgeometrien
zugeschrieben. Oberhalb von 250 K war die molekulare Desorption des gesamten PENBD
abgeschlossen; Defekte im Goldfilm beglinstigten die Zersetzung in geringem Umfang,

wodurch kleinere Riickstande auf der Oberflache Uberblieben.
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Ester-substituierte Oxa-NBD/QC-Molekilpaare wurden auf Pt(111) untersucht, um den
Einfluss eines Heteroatoms im Briickenkopf des Grundgertsts zu beurteilen. Die Funktionali-
sierung an dieser Position zeigte eine beglinstigte Photoumwandlung und beeinflusst die
Energiespeicherdichte. Darliber hinaus war die iberbriickende Methylengruppe besonders an
zuvor aufgeklarten Zersetzungswegen beteiligt, so dass eine erhéhte thermische Stabilitat fir
briickenfunktionalisierte NBDs erwartet wurde. Die Wechselwirkung von Hetero-NBD/QC-
Verbindungen mit der Pt(111)-Katalysatoroberfliche wurde in XPS-Experimenten von 2,3-
Bis(methylester)-NBD/QC (O-NBD/QC) und den erweiterten 2,3-Bis(benzylester)-Derivaten
(exO-NBD/QC) erforscht. In den Reaktionspfaden von O-NBD/QC traten Umlagerungsschritte
der Molekile auf der Oberflache auf, bevor die Cycloreversion von O-QC zu O-NBD zwischen
310 und 340 K in quantitativem Umfang stattfand. Eine bemerkenswerte thermische Stabilitat
von 380 K wurde festgestellt; weiteres Hochheizen fiihrte zu C-H-Fragmenten und schlief3lich
Carbid. Die Energiefreisetzung vom erweiterten exO-QC wurde im dazugehdrigen TPXPS-
Experiment nicht beobachtet. Stattdessen waren gleichzeitig zur Abnahme der Oberflachen-
bedeckung, beginnend bei 135K, erste Verdnderungen in den exO-NBD/QC-XP-Spektren
ersichtlich; die Zuordnung zu CO wies auf einen frihen Zerfallsbeginn hin, wobei die
Fragmentierung in Benzyloxid- und Oxa-NBD/QC-dhnlichen Spezies resultierte. Die weitere
Entstehung von CO Uber 250 bzw. 270 K legte die Existenz von Phenyl-Spezies nahe; oberhalb

von 370 K entstanden unspezifizierte C-H-Fragmente und Carbid-Strukturen.

Insgesamt umfasst diese Dissertation grundlegende Modellstudien zu vielversprechenden
NBD/QC-Derivaten mittels Synchrotronstrahlung-basierten XPS, um die Entwicklung von den
unsubstituierten Ursprungsmolekiilen hin zum molekularen Design von MOSTs voran-
zutreiben. Die Aktivitdat verschiedener Katalysatormaterialien wurde hinsichtlich einer
optimalen Energiefreisetzung bewertet. Zusammenfassend wurden Informationen Uber
Adsorptionsmotive, Desorptionsprozesse und die Stdarke der Wechselwirkung mit dem
Substrat erhalten. Die allgemeine Realisierbarkeit der Energiefreisetzung in einem
spezifischen Temperaturbereich wurde detailliert untersucht. Zusatzlich entscheiden die
ermittelten Stabilitdatsgrenzen der jeweiligen Molekile malgeblich Uber die praktische
Anwendbarkeit der betrachteten Systeme. Auf diesem Weg wurden Faktoren zur Optimierung
der Gesamteffizienz von derivatisierten NBD/QC-Paaren im Sinne eines vollstandig reversiblen

Energiespeicherzyklus adressiert.
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What prompted you to investigate this topic?

The necessity for green energy sources has never been higher.
However, with the intermittent character of many regenerable
energy sources such as solar energy, novel energy storage sol-
utions have to be promoted. In this context, molecular solar
thermal (MOST) systems provide the advantage of combining
the light-harvesting process with storage as molecular strain.
Towards large-scale applications, heterogeneous catalytic path-
ways need to be explored; we thus address the surface
chemistry of promising derivatives.

What other topics are you working on at the moment?

The research of the group of Prof. Dr. Christian Papp is focused
on the fundamental understanding of surface processes by in
situ techniques. Current topics are the concept of liquid organ-
ic hydrogen carriers for future energy storage, the growth and
chemical modification of 2D materials for future electronics
and the investigation of liquid metals/alloys in catalysis.

How did each team member/collaborator contribute to the
work?

The group of Prof. Dr. Christian Papp at the chair of Prof. Dr.
Hans-Peter Steinrtick was responsible for the synchrotron radi-
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ation-based XPS measurements of the molecule pair. The syn-
thesis of the derivatives was done by the group of Prof. Dr. An-
dreas Hirsch, while the performed DFT calculations were car-
ried out in the group of Prof. Dr. Andreas Gérling.
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Christian Papp

Molecular solar thermal (MOST) systems are a promising
approach for the introduction of sustainable energy storage
solutions. We investigated the feasibility of the dicyano-
substituted norbornadiene/quadricyclane molecule pair on Ni-
(111) for catalytic model studies. This derivatization is known to
lead to a desired bathochromic shift of the absorption
maximum of the parent compound. In our experiments further
favorable properties were found: At low temperatures, both
molecules adsorb intact without any dissociation. In situ
temperature-programmed HR-XPS experiments reveal the con-
version of (CN),-quadricyclane to (CN),-norbornadiene under
energy release between 175 and 260 K. The absence of other

Introduction

With dwindling fossil fuels,"’ proceeding global warming,” and
associated growing awareness for environmental issues, the
need for green energy sources has never been higher. In

[a]l F. Hemauer, Dr. U. Bauer, Dr. P. Bachmann, Dr. F. Diill, J. Steinhauer,
V. Schwaab, R. Grzonka, Prof. Dr. H.-P. Steinrtick, Dr. C. Papp
Lehrstuhl fiir Physikalische Chemie I,
Friedrich-Alexander-Universitdt Erlangen-Niirnberg
Egerlandstr. 3, 91058 Erlangen, Germany

[b] Dr. L. Fromm, Prof. Dr. A. Gérling
Lehrstuhl fiir Theoretische Chemie,
Friedrich-Alexander-Universitdt Erlangen-Nirnberg
Egerlandstr. 3, 91058 Erlangen, Germany

[c] C. WeiB3, A. Leng, Prof. Dr. A. Hirsch
Lehrstuhl fiir Organische Chemie I,
Friedrich-Alexander-Universitdt Erlangen-Nirnberg
Nikolaus-Fiebiger-Str. 10, 91058 Erlangen, Germany

[d] Prof. Dr. A. Gorling, Prof. Dr. H.-P. Steinrtick, Dr. C. Papp
Erlangen Catalysis Resource Center (ECRC),
Friedrich-Alexander-Universitdt Erlangen-Niirnberg
Egerlandstr. 3, 91058 Erlangen, Germany

[e] Dr. C. Papp
Physikalische und Theoretische Chemie, Freie Universitdt Berlin
Arnimallee 22, 14195 Berlin, Germany
E-mail: christian.papp@fau.de

Q Supporting information for this article is available on the WWW under

https://doi.org/10.1002/cphc.202200199

™ © 2022 The Authors. ChemPhysChem published by Wiley-VCH GmbH.
This is an open access article under the terms of the Creative Commons
Attribution Non-Commercial NoDerivs License, which permits use and
distribution in any medium, provided the original work is properly cited,
the use is non-commercial and no modifications or adaptations are
made.

ChemPhysChem 2022, 23, 202200199 (1 of 11)

surface species due to side reactions indicates full isomerization.
Further heating leads to the decomposition of the molecular
framework into smaller carbonaceous fragments above 290 K
and finally to amorphous structures, carbide and nitride above
400 K. DFT calculations gave insights into the adsorption
geometries. (CN),-norbornadiene is expected to interact stron-
ger with the surface, with flat configurations being favorable.
(CN),-quadricyclane exhibits smaller adsorption energies with
negligible differences for flat and side-on geometries. Simulated
XP spectra are in good agreement with experimental findings
further supporting the specific spectroscopic fingerprints for
both valence isomers.

addition, the worldwide energy demand is expected to exceed
27.6 TW in 2050 being more than twice the amount of 2001."”
In this picture, solar power appears as a promising candidate
for clean energy production. However, due to its intermittent
character and climatic dependency, strong mismatches be-
tween load and supply arise temporally and geographically.
This leads to the necessity for not only sustainable energy
sources but also the development of novel energy storage
technologies, ideally directly combined with the light-harvest-
ing process.

Next to photovoltaic and electrochemical approaches, it is
also possible to capture and store solar energy in a chemical
manner. So-called molecular solar thermal (MOST) energy
systems employ the photoconversion of an energy-lean parent
molecule to an energy-rich compound in a metastable state."”
In a reversible isomerization, the energy is stored through a
rearrangement of chemical bonds and the thereby introduced
strain. On demand, the backward reaction can be triggered in a
catalytic or thermal way leading to the release of the stored
energy. For reasonable applicability, numerous requirements
have to be fulfilled: The quantum yield of the energy storage
steps should be as high as possible with an absorption
maximum in the range of visible light; moreover, the photo-
isomer must not be converted back by irradiation. Long storage
times are desirable as well as high gravimetric energy densities;
the latter are ensured by a low molecular weight in combina-
tion with a strong endothermic reaction profile.

Reported examples for MOST systems include stilbenes,”
azobenzenes,® anthracenes,” or fulvalene-tetracarbonyl-

© 2022 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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diruthenium.® Another interesting system is the valence pair
norbornadiene (NBD) and quadricyclane (QC), which exhibits
promising properties: a comparably high reaction enthalpy
(89 kJmol™)** and gravimetric storage density (0.97 MJkg™),
sufficient quantum yields when using photosensitizers (highest
for acetophenone)'” and a high long-term stability of the
photoisomer (half-life > 14 h at 140°C)."" Additionally, NBD is
commercially available and its isomerization has already been
studied for over 50 years. Both compounds are liquids under
ambient conditions enabling the usage of current transporta-
tion infrastructure. In contrast to most previous literature about
reactivity in solution, heterogeneous catalysis pathways are
preferred for large-scale applications. Thus, surface science
investigations can deliver important insights into occurring
reaction steps and conditions for decomposition and/or
desorption on a heterogeneous catalyst. Especially, the mecha-
nism of energy release and stability boundaries are of interest,
as this is expected to be the bottleneck of the reaction cycle.
Our fundamental study allows to assess the viability of new
MOST systems in heterogeneous catalytic approaches that are
necessary for application in large scale.

Earlier experiments of NBD/QC by our group on Pt(111)
stated a too high reactivity of the platinum surface for the
cycloreversion, as QC reacts back to NBD at temperatures below
125 K. The subsequent decomposition at higher temperature
proceeds over a norbornadienyl species being deprotonated at
the methylene bridge. In contrast, on Ni(111)™ both com-
pounds are stable at 130 K, whereby the conversion of QC to
NBD was found to set in at about 168 K. Thereby, benzene and
methylidyne were identified as intermediate surface species
upon heating. Beside the use of different surfaces/catalyst
materials, the isomeric pair itself can be tailored by derivatiza-
tion with functional moieties. The molecular design influences
the stored heat and most importantly alters the absorption
maximum, which, as mentioned, should lie in the range of
visible light. Since solar energy reaching earth is peaking at
~550 nm, and the absorption onset of NBD is located at
~267 nm,"¥ the introduction of suitable substituents (push-/
pull-ligands) is necessary to achieve a desired bathochromic
shift." In particular, Moth-Poulsen et al. have surveyed the
parameters of adequate NBD derivatives over the last years."'¥
Unfortunately, attaching additional groups to the molecular
framework increases the molecular weight and reduces the
storage density. Therefore, substitution with small groups is
preferred in order to maintain a high storage capacity of the
system. Recently, we investigated the reaction behavior of 2,3-
dibromo-norbornadiene and its valence isomer on Ni(111)."” At
~120 K, partial dissociation of both molecules takes place. While
the conversion of the quadricyclane species was observed at
170K, the decomposition onset of (Br)-NBD was found at
190K, with the evolution of benzene and methylidyne,
analogously to unsubstituted NBD.

Herein, the results of 2,3-dicyano-substituted norborna-
diene/quadricyclane on Ni(111) as a model system are discussed
(see Figure 1). With a reasonable size and a red-shifted
absorption onset of at least ~40 nm in comparison to parent
NDB,"® the adsorption and thermal evolution of (CN),-NBD and
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'3 A

(CN);-NBD

(CN),-QC

enangy
release

Figure 1. Schematic representation of the reversible energy storage cycle of
a molecular solar thermal (MOST) system: energy storage via irradiative
isomerization of (CN),-NBD to (CN),-QC, which on demand releases heat
catalytically in a heterogeneous surface reaction.

(CN),-QC was investigated with temperature-programmed X-ray
photoelectron spectroscopy (TPXPS) allowing for in situ obser-
vation of surface reactions. DFT calculations were performed to
investigate the adsorption properties and core level shifts of
different possible adsorption geometries. The results on
adsorption, triggered isomerization and decomposition are
addressed.

Experimental Section

UHV Experiments

All discussed HR-XPS data was acquired at the synchrotron facility
BESSY Il of Helmholtz-Zentrum Berlin, at beamline UE56/2-PGM2.
The experiments were conducted in a transportable ultra-high
vacuum (UHV) apparatus comprising two main chambers, described
elsewhere in detail."” The preparation chamber is equipped with
typical tools for surface cleaning and characterization including a
sputter gun, low-energy electron diffraction (LEED) optics and a
multi-capillary array dosing system. In the analysis chamber, a
quadrupole mass spectrometer (QMS), a three-stage supersonic
molecular beam and a hemispherical electron analyzer (Omicron EA
125U7 HR) are attached. The measurements were performed in
normal emission with a light incidence angle of 50°, using a photon
energy of 380 eV for the C 1s region and 500 eV for the N 1s region,
leading to an overall energy resolution of 180 and 220 meV,
respectively.

Prior to each experiment, the cleanness of the Ni(111) single crystal
(MaTeck, 99.99%) was checked by XPS. Surface contaminations
were removed by ion bombardment (Ar*, E=1.0 keV, I;~3 pA) and
subsequent annealing to 1200 K. Carbon residues were removed by
O, dosage at 800 K. Temperatures up to 1400 K are possible by
resistive heating with direct current, whereas temperatures of 130 K
were achieved with liquid nitrogen cooling. A bifilar coiled filament
behind the crystal allows for temperature-programmed
experiments®” with a linear heating ramp (3=0.5 K/s) up to 550 K.
Both compounds, (CN),-NBD and (CN),-QC, purified with freeze-
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pump-thaw cycles, were adsorbed on the surface through the
vapor pressure of the organic substances; the exposure is given in
Langmuir (1 L=10"°Torrxs). The XP spectra were continuously
recorded with a typical time of about 10-15s for each spectrum
during adsorption and heating. In order to avoid reactions or
decomposition induced by X-ray irradiation (see Figure S6), the
sample was shifted to a new position after each acquired spectrum.
For data evaluation, the Fermi level was used as reference for all
binding energies. The quantitative analysis is done by fitting of the
signals: After subtraction of a linear background, contributions in
the C 1s and N 1s spectra were fitted with peaks, described by
Doniach-Sunji¢ functions® convoluted with Gaussian profiles. The
coverage was determined by comparison to layers with known
coverage; one monolayer (ML) corresponds to one atom per surface
atom. Carbon coverages were calibrated with respect to a graphene
layer,”? which contains two carbon atoms per nickel atom (2 ML);
the amount of nitrogen on the surface is equivalent to 2/9 of the
carbon coverage, according to the stoichiometric ratio within the
molecules.

Molecule Synthesis

2,3DibromoNorbornadiene

In a flamedried SCHLENK flask, norbornadiene (15.0 g; 163 mmol)
and potassium tbutoxide (9.43 g; 84.0 mmol) were dissolved in
100 ml of dry and degassed THF under nitrogen atmosphere. The
dispersion was cooled to —78°C and nbutyl lithium (25M in
hexane; 33.2 ml; 83.0 mmol) was added dropwise over a period of
1.5 h. The mixture was warmed to —40°C and stirred for 30 min.
Afterwards it was cooled again to —78°C and 1,2dibromoethane
(3.62 ml; 42.0 mmol) was slowly added via a syringe. Once the
addition was completed, the solution was warmed to —40°C and
stirred for 1 h. Before the remaining 1,2dibromoethane (10.9 ml;
126 mmol) was slowly added, the mixture was cooled again to
—78°C. The combined reagents were then stirred for 2 h at —40°C
and for additional 2 h at room temperature. The reaction was
quenched by adding 100 ml of saturated NH,Cl,, and extracted
with MTBE (4Xx100 ml). The combined organic phases were
sequentially washed with water (100 ml) and brine (100 ml) and
dried over MgSO,. After the solvent was removed under reduced
pressure, the crude was distilled (1st fraction: 60°C, 12 mbar,
1,2dibromoethane; 2nd fraction: 65°C, 8 mbar, 2bromo-
norbornadiene; 3rd fraction: 80°C-100°C, 6 mbar, 2,3-dibromo-
norbornadiene) to give the product as a colorless oil (6.73 g;
26.9 mmol; yield =34 %).

'H-NMR (CDCl,, 400 MHz): 8=6.89 (t, J=2 Hz, 2 H); 3.62 (t, J=2 Hz,
2 H); 245 (dt, J=6.4 Hz, 1 H); 2.18 (dt, J=6.0 Hz, 1 H) ppm.

BC-NMR (CDCls, 100 MHz): 8 =141.3; 133.1; 72.0; 58.6 ppm.
HRMS (APPI): calc. for C;H4Br, [M]: m/z=247.8836; exp. 247.8835.

2,3DicyanoNorbornadiene

In a flamedried SCHLENK flask, 2,3dibromonorbornadiene (2.00 g;
8.00 mmol) was dissolved in 20 ml of dry DMF under a nitrogen
atmosphere. After the addition of CuCN (680 mg; 7.59 mmol), the
dispersion was heated to 120°C and stirred for 2.5 h. Once the
solution cooled to room temperature it was diluted with water and
extracted with EtOAc (4x 100 ml). Due to the formation of a black
slurry, the separation of the phases is highly time consuming but
can be facilitated by the addition of aqueous ammonia. The
combined organic phases were sequentially washed with large
amounts of water and brine and then dried over MgSO,. After

ChemPhysChem 2022, 23, 202200199 (3 of 11)

removing the solvent under reduced pressure, the crude was
received as a yellowish oil, which was purified by column
chromatography (SiO,; hexane : DCM/1:4 R;=0.60). 2,3-Dicyano-
norbornadiene was isolated as a colorless oil (275 mg; 1.93 mmol;
yield =24%).

'H-NMR (CDCl;, 300 MHz): §=6.92 (t, J=1.8 Hz, 2 H); 4.03 (quint,
J=2.1Hz, 2 H); 240 (dt, J=7.5Hz, 1.5Hz; 1 H); 2.33 (dt, J=7.5 Hz,
1.5 Hz, 1 H) ppm [see Figure S7].

BBC-NMR (CDCl;, 100 MHz): 8=141.6; 141.3; 113.1; 74.9; 55.5 ppm
[see Figure S8].

MS (ESI): calc. for CoHgN, [M+H"1: m/z=143.0609; exp. 143.1069.

2,3DicyanoQuadricyclane

2,3Dicyanonorbornadiene (100 mg; 0.703 mmol) was dissolved in
200 ml of pump-freezed methanol and irradiated for 3 h with a
mercury vapor lamp. Once the solvent was removed under reduced
pressure, the remaining yellow oil was purified by column
chromatography (SiO,; hexane : DCM/1:4 R,=0.27). The product
was isolated as a white solid (71 mg; 0.499 mmol; yield =71 %).

'H-NMR (CDCl;, 300 MHz): §=2.71-2.68 (m, 2 H); 250 (dt, J=
12.8 Hz, 1.4 Hz; 1 H); 2.41-2.38 (m, 2 H); 2.30 (dt, J=12.4 Hz, 1.4 Hz;
1 H) ppm [see Figure S9].

3C-NMR (CDCl,, 100 MHz): §=116.1; 32.7; 32.2; 25.7; 12.8 ppm [see
Figure S10].

DFT Calculations

All ab initio calculations were performed with the Vienna Ab initio
Simulation Package (VASP) Version 5.4.1,%* employing the projec-
tor-augmented wave method (PAW)?? with a plane wave basis
cutoff of 450 eV. The Perdew-Burke-Ernzerhof exchange correlation
functional was used® together with a Methfessel-Paxton® smear-
ing with a broadening width of 0.2 eV. To account for long-range
intermolecular interactions, the zero damping DFT-D3 dispersion
force correction scheme by Grimme was utilized.”” The systems
were calculated within a supercell approach where slabs of six Ni
layers are separated by a 20 A vacuum layer. Three of the atomic
layers were fully relaxed while the other three were kept fixed to
the bulk geometry with a lattice constant of 3.51 A. To allow for
non-interacting adsorbates, a 4 by 4 orthogonal unit cell was
chosen to represent the surface. Brillouin zone integration was
sampled with a 4x4x1 Monkhorst-Pack grid.*® Geometries were
optimized until all forces were smaller than 0.01 eV/A. Adsorption
energies were calculated as total energy differences with
Epgs = Egas + Equr — Egc with the total energy of the molecule in
the gas phase E,, of the clean metal surface E, and the
adsorbate system E,, leading to higher adsorption energies for
more stable geometries. XP spectra were modeled by calculations
of relative core level shifts with the method of Slater’s transition
state,” which includes final state effects (ICORELEVEL=2, CLZ=
0.5)%% exciting half an electron into the vacuum.

Results and Discussion

The adsorption and thermal evolution of (CN),-NBD and (CN),-
QC on Ni(111) was followed in situ by measuring XP spectra of
the C 1s and N 1s regions. In the following, the data for the two
core levels are discussed separately in two sections. For easier
monitoring of the conversion and surface reactions, we
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concentrate on submonolayer coverages. At this coverage,
information on adsorption geometries is better accessible,
especially by comparison with performed DFT calculations.
Complementary results with multilayer exposures are found in
the supporting information.

XP Spectra of the C 1s Region

First, the adsorption of (CN),-NBD at 130 K is discussed. The C
1s spectra recorded during the adsorption experiments of
(CN),-NBD are depicted as waterfall plots in Figure 2a.

The exposure of 0.24L led to a total carbon coverage of
0.26 ML. Starting from zero coverage (Figure 2a, black bold
spectrum), a characteristic line shape of the XP spectra evolves
upon dosing, which can be reproduced by four peaks with
constant binding energies at 285.2, 284.6, 283.6 and 283.2 eV
(Figure 2¢, green). While the corresponding spectral shape
represents the unique spectroscopic fingerprint of the mole-
cule, it is difficult to assign contributions to individual carbon
atoms, due to the complexity of the adsorbed species and the
likely coexistence of different adsorption geometries. Interest-
ingly, the obtained spectral shape differs considerably from that

of the parent molecule NBD,"? (see Figure S4a and S4d) as
(CN),-NBD features contributions at lower as well as higher
binding energies. These differences are attributed to the
change in the molecular structure and various adsorption
geometries originating from the functionalization of the NBD
framework. They also indicate that adsorption occurs in a non-
dissociative manner; this suggestion is confirmed by DFT
calculations of the intact molecule (see below), as the expected
line shape resembles the experimental data. In addition,
information of the complementary N 1s region, which are
discussed later, shows no indication for fragmentation at
adsorption temperature. Contributions by multilayer signals are
excluded, since the corresponding signals at 285.5, 287.2, 285.6
and 284.7 eV are only observed for higher surface coverages
(see Figure S2a).

The thermal evolution of (CN),-NBD on Ni(111) is inves-
tigated by TPXPS. Selected C 1s spectra are depicted in
Figure 2b, along with color-coded fits of specific reaction
intermediates in Figure 2c. The quantitative analysis of all
spectra collected during the TPXPS experiment is provided in
Figure 3a giving the amount and the temperature ranges of the
respective surface species.

T=365K

(b) (CN),-NBD TPXPS C1s| |(e) (CN)y-NBD C1s | |(d) (CN),-QC C1s | |(e) (CN)-QC TPXPS Cis
Nif111) T=550K T=550K
amorphous carbon amorphous carbon
525 K —/
490 K
C1s C1s
445 K

|T-360K

Intensity [arb.u.]

280 K
233K
130 K

Cis

(a) Adsorption (130 K)

{f) Adsorption (130 K) C1is
(CNJ-QC (040 L)  he =380 eV

287 286 285 284 283 282 287 286 285 284 283 282 287 286 285 28B4 283 282 287 286 285 284 283 282

Binding Energy [eV] Binding Energy [eV]

Binding Energy [eV] Binding Energy [eV]

Figure 2. (a,f) Selected C 1s spectra of (CN),-NBD and (CN),-QC on Ni(111), collected during adsorption at 130 K; (b, e) subsequent TPXPS spectra (waterfall
plot) during heating to 550 K; (c,d) comparison of distinct surface species for both molecules at equivalent temperatures with corresponding color-coded fits.
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Figure 3. Quantitative analysis of the TPXP spectra of (CN),-NBD and (CN),-QC, collected with a heating rate of 0.5 K/s: (a,b) C 1s region, (c,d) N 1s region; light

colors indicate contributions of single peaks to respective signal.

Below 170 K, there are only minor changes of the spectral
line shape. Upon further heating to 280K, we observe an
increase of the overall carbon coverage by 16% (see Figure 3a),
but no shifts of the individual peak energies (Figure 2c).
Interestingly, the intensity ratio of the two higher energy peaks
at 285.1 and 284.5 eV remain constant, while the two lower
energy peaks at 283.6 and 283.2 eV change less than 25% in
their relative intensities. From the absence of peak shifts, we
conclude that no reaction has yet occurred, but instead only a
rearrangement of (CN),-NBD on the surface takes place.
Supplying thermal energy to the system enables mobility and
facilitates transitions into thermodynamically more favored
configurations. This rearrangement also explains the mentioned
change in total intensity due to alterations of the attenuation
behavior of the photoelectrons®” and/or contributions by
differences in photoelectron diffraction resulting from various
adsorption geometries.®?

Beginning at a temperature of ~290K, a general broad-
ening of the spectral line shape is observed, and the low
binding energy feature characteristic of (CN),-NBD vanishes.
This observation suggests the presence of a new surface
species, which is fitted with three peaks at 284.5, 284.3 and
283.9 eV (Figure 2¢, yellow). This species is attributed to the

ChemPhysChem 2022, 23, 202200199 (5 of 11)

reaction of (CN),-NBD to carbon fragments (C,H,). Thermal
decomposition and further dehydrogenation is common for
hydrocarbons on nickel surfaces.® In comparison to previously
investigated model systems, (CN),-NBD exhibits the highest
thermal stability with the decomposition onset at 290 K: Where-
as both, unsubstituted NBD"® and (Br),-NBD,"” react to
benzene and methylidyne already at 190 and 195K, respec-
tively, none of these reaction products are identified for (CN),-
NBD in the course of the temperature-programmed experiment
here. Thus, the dicyano-substituted molecule stays intact for
almost 100 K higher temperatures. Starting at ~400 K, subse-
quent decomposition steps take place leading to amorphous
carbon,® yielding a peak at 284.4 eV, and carbide,***" giving a
signal at 283.4 eV (Figure 2¢, brown and gray).

Next, we address the adsorption and thermal evolution of
(CN),-QC on Ni(111). The adsorption of (CN),-QC at 130 K up to
an exposure of 0.40 L was followed by XPS (Figure 2f), yielding
a carbon coverage of 0.40 ML. The characteristic line shape of
the XP spectra is fitted with four peaks at binding energies of
285.2, 284.9, 284.4 and 283.5 eV (Figure 2d, blue). Again, no
assignment to distinct carbon atoms is given due to the
complexity of the adsorption system, but the peaks can serve as
a spectral fingerprint. As in the case of (CN)-NBD, the

© 2022 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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comparison of (CN),-QC with unsubstituted QC"® reveals a
deviating line shape (see Figure S5a and S5d): While (CN),-QC
displays major contributions above 285eV, pure QC has a
distinct peak at 283.4 eV. When comparing the two dicyano-
substituted molecules, that is, (CN),-NBD and (CN),-QC, we

observe very different spectra: Not only the binding energies of

the four peaks used for fitting do not match, but also their
relative intensities differ strongly. The differences between the
spectra of (CN),-QC to those of unsubstituted QC and (CN),-
NBD suggest a non-dissociative adsorption without conversion
at low temperatures; this presumption is verified in the
following discussion of the observed quantitative back reaction
of (CN),-QC to (CN),-NBD. We can also rule out contributions
from (CN),-QC multilayers, which would show three peaks at
287.4, 286.2, and 284.8 eV (see Figure S2f).

The thermal evolution of the valence isomer (CN),-QC is
shown in Figure 2e, along with the quantitative analysis in
Figure 3b. For the peak fitting, the intensity ratios of the fitted
peaks at 285.2, 284.9, 284.4 and 283.5 eV were kept fixed. Up to
175K, no changes of the binding energy positions are
observed. At higher temperatures, changes of the spectral
fingerprint become Vvisible, indicative of the onset of the
conversion of (CN),-QC to (CN),-NBD. The peaks related to
(CN),-QC drop in intensity and have completely vanished at
~270 K; simultaneously, (CN),-NBD has become the solely
detected species. The comparison of the fitted C 1s TPXP
spectra of (CN),-NBD in Figure 2c and (CN),-QC in Figure 2d
confirms the isomerization of (CN),-QC to (CN),-NBD: At 280 K,
the spectra from both TPXPS series (Figure 2c and 2d, green)
are fitted with the same parameters; their identical appearance
proves the presence of an equivalent surface species; the only
minor difference is a shift of the main peak by less than 0.1 eV
to higher binding energy for (CN),-QC, which is within the
accuracy of measurement and evaluation. The formed (CN),-
NBD has a maximum coverage of 0.48 ML at 270 K. The absence
of other surface species indicates full conversion. Although the

temperature range from 175 to 260 K for the isomerization of
(CN),.QC to (CN),-NBD is rather large (see Figure 3b), the
relatively high onset for the reaction is of advantage for
applications towards ambient conditions. The further thermal
evolution is expected to be analogous to the (CN),-NBD
experiment. Indeed, at 290 K, identical decomposition signals
are found (Figure 2d, yellow), due to dissociation into CH,
fragments.”® Finally, when heating to above 400 K, amorphous
carbon structures® and contributions by carbide®*** are
observed (Figure 2d, brown and gray), as in the case of (CN),-
NBD.

As next step, we performed DFT calculations in order to
understand the interactions of the molecular pair with the
surface and to obtain insights into the spectral fingerprints.
Similar to previous results of NBD adsorption on surfaces,
different adsorption motifs are conceivable."*"® For this reason,
a flat (*:n’) geometry, in which NBD is bound via both its
double bonds to the surface, and a side-on (n*:n') geometry, in
which only one double bond and the CH, bridgehead are
bound to the surface, were regarded. In addition to these two
basic motifs, different positions relative to the surface were
considered. The most stable geometries are depicted in Fig-
ure 4.

As reported previously, the bond of NBD via the C=C double
bond to the surface is a strong interaction leading to very stable
structures. Therefore, for (CN),-NBD, a “flat-like” adsorption via
both double bonds (structure 4a-4c) is preferred and vyields
higher adsorption energies of about 3.6 to up to 4.0eV,
compared to values ranging from 1.4 eV for geometries with
CN-groups pointing away from the surface to ~2.1 eV for the
side-on adsorption motif (structure 4d). Unlike in the case of
the (Br),-NBD,""” the CN-groups are not as bulky as the bromine
atoms and offer more flexibility. In this way, they do not hinder
the NBD moiety to interact with both C=C double bonds with
the surface. Still, there are slight differences regarding the
position of the molecule on the surface. In case of the “flat-like”

(CN),-NBD flat (CN),-NBD flat

(CN),-NBD flat

(CN),-NBD side-on (CN),-QC flat (CM),-QC side-on

<

a) 3.6 eV —

Figure 4. Adsorption geometries calculated with DFT: (a—c) different geometries for a flat adsorbed (CN),-NBD, (d) side-on adsorbed (CN),-NBD, (e) flat
adsorbed (CN),-QC, (f) side-on adsorbed (CN),-QC; corresponding adsorption energies are given; carbon atoms depicted in black, hydrogen in turquoise,
nitrogen in blue, nickel surface in white, unit cells are indicated by a blue rectangle.
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adsorption, we observe a preference for a CN adsorption in a
bridge-like adsorption (structure 4a-4c). Furthermore, the most
stable structure (4c) is bound with the C=C double bond
without the CN-groups to two surface atoms and additionally
on the other side with the CN-groups to a single Ni atom. The
CN-groups are bending outwards to occupy their preferred
bridge position. This structure is with 4.0 eV about 0.3 eV more
stable than the rest of the structures.

During the adsorption process at low temperature, it is very
likely that the (CN),-NBD molecules stick randomly to the
surface in one of the several possible geometries and stay in
this way. Thus, a mixture of different structures is present.
Heating the sample then provides enough energy to overcome
the barrier for flipping and moving the molecules from, e.g., the
less stable side-on to the more stable flat geometry, which
explains the change of the spectral features in the temperature
range from 130-175 K.

For (CN),-QC, the adsorption in both orientations (structure
4e and 4f) is with 1.8 eV similarly stable. Thus, we assume a
mixed adsorption. Because of the other bonding situation in QC
with no double bonds, the interaction with the surface is
different. The molecule is rather compact and offers mainly the

CN-groups to interact with the surface. Therefore, in both stable
geometries the nitrogen atoms of the CN-groups are bound to
surface nickel atoms in an on-top position. The difference
between the two geometries (4e, 4f) is that in the “flat-like”
geometry two hydrogen atoms of the strained four-membered
ring are weakly interacting with the surface, whereas in the
side-on geometry the CH, group is doing so. In both cases, this
is a weak dispersion interaction, explaining the small energy
differences.

Calculations of the relative core level shifts for the different
geometries (see Figure 5) corroborate the presence of un-
reacted (CN),QC on the surface. The spectra show higher
binding energies for the QC derivative, which is also observed
in the experiments. In general, a good correspondence of the
calculated to the experimental spectra is found. But unfortu-
nately, it is not possible to make a clear assignment to the
structures. The shoulder at low binding energies can be
assigned to the strongly interacting C=C double bond. Because
of the lack of this interaction in the QC derivative, this spectral
feature is not present. Additionally, this is the feature increasing
in intensity during the proposed rearrangement from the side-
on to the flat geometry.

C1s

(CN)-QC flat C1is
[CN),-QC s
e
£
.ﬂ |
=
= | |\
]
£
/ \
c) (CN),-NED flat (1) Cis f (CN);-NBD flat (1) N1s
[CN),-NED flat {2) {CN)-NBD flat (2)
[CNJ-NBD flat {3} (CN)-NBD flat (3)
— (CNJ;-NBD side-on (CN)-NBD side-on
R e R R aa e e e Rt
295.0 294.0 293.0 292.0 291.0 280.0 4085 4080 4075 4070 4065 4060 4055 4050

Binding Energy [eV]

Binding Energy [eV]

Figure 5. Representation of calculated XP spectra: (a—c) depiction of C 1s region results, whereby (a) gives a comparison of (CN),-NBD and (CN),-QC as total
sum of (b, ¢) single contributions of different adsorption geometries; (d—f) depiction of N 1s region results of the molecule pair with (d) sum of respective
signals and (e, f) spectra of single adsorption geometries; all spectra were generated by Gaussian functions with a width of 0.02 eV.
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XP Spectra of the N 1s Region

Complementary information on the adsorption and thermal
evolution is obtained from XP spectra of the N 1s region. The N
1s spectra acquired during exposure of the Ni(111) surface to
(CN),-NBD and (CN),-QC are depicted in Figure 6a and 6f,
respectively. For (CN),-NBD, an asymmetric peak evolves at
397.9 eV with a broad shoulder towards higher binding energy,
yielding a total carbon coverage of 0.32 ML after a dosage of
0.34 L. In order to obtain a reasonable fit, three peaks at 399.5,
398.3 and 397.8 eV had to be used (Figure 6¢, orange). This is
rather surprising, since it was expected that both nitrogen
atoms in the symmetric molecular framework of (CN),-NBD
show an equivalent behavior, which would imply the existence
of only one peak. Multilayer formation is ruled out by
comparison to the spectrum of multilayers with larger exposure,
which show two peaks at 400.2 and 399.1 eV (see Figure S3a).
Instead, we attribute the necessity of three peaks to various
adsorption sites and/or geometries. In contrast to the structur-
ally related dibromo-substituted (Br),-NBD and (Br),-QC,""” there
are no indications that fragmentation takes place upon
adsorption. Notably, the observed binding energies do not
match those characteristic of atomic nitrogen (~397 eV)®® or
cyanide fragments (~397.5 eV) on nickel.?”!

Representative XP spectra of the thermal evolution are
shown in Figure 6b, along with color-coded fits of specific
reaction intermediates in Figure 6¢c. The quantitative analysis of
all spectra collected during the TPXPS experiment is provided in
Figure 3c. As the nitrogen atoms are part of the cyano groups
attached to the NBD/QC framework, it is expected that changes
of the adsorption geometries have a more pronounced effect in
the N 1s than in the C 1s spectra. On the other hand, effects in
the spectra of the conversion reaction are assumed to be less
distinct in the N 1s region. At the start of the heating ramp, the
peak at 397.8 eV exhibits the highest intensity (0.21 ML). Upon
heating, the peak at 398.3 eV grows at the expense of the two
other two peaks. At ~ 190 K, the peak at 399.5 eV has vanished,
and at 230 K the peak at 398.3 eV surpasses that at 397.8 eV
becoming the dominant surface species at 270 K; simultane-
ously, the two remaining peaks shift by 0.07 eV towards lower
binding energies, while the overall coverage stays roughly
constant until 270K (see Figure 3c). The change and even
inversion in relative intensities as well as the small peaks shifts
are attributed to rearrangement steps occurring upon heating
from low temperatures of 130 K, as also discussed for the C 1s
region. The rearrangement is finished until ~270 K. (Figure 6c,
light orange). Starting at ~280 K, the peak with the maximum
at 398.3 eV vanishes until 330 K, and a new asymmetric peak
evolves at 397.6 eV (Figure 6¢c, purple), which is assigned to

(b) (CN),-NBD TPXPS
Ni111)

N1s| |[{c) (CN),-NBD N1is

490 K

445 K

N1s| [(e}(CN)-QC TPXPS
Ni(111)

(d) (CM),-QC N1s

g 18 {5
8

410 K

360 K

320 K

Intensity [arb.u.]

240 K

180 K

=N
e ]
AN
% |

{a) Adsorption (130 K) N1s
fe =500 eV

decomposition

402 401 400

399 388 397 396
Binding Energy [eV]

401
Binding Energy [eV]

400 399 398 397 396

A BB A RS Raaa A
401 400 399 398 397 396
Binding Energy [eV]

401 400 399 398 397 39€
Binding Energy [eV]

Figure 6. (a,f) Selected N 1s spectra of (CN),-NBD and (CN),-QC on Ni(111), collected during adsorption at 130 K; (b, e) subsequent TPXPS spectra (waterfall
plot) during heating to 550 K; (c,d) comparison of distinct surface species for both molecules at equivalent temperatures with corresponding color-coded fits.

ChemPhysChem 2022, 23, 202200199 (8 of 11)

© 2022 The Authors. ChemPhysChem published by Wiley-VCH GmbH

Q9T §20Z ‘TroL6EVT

wouy

0 PUE S L 941 395 “[E202/60/LT] U0 ARIGITSUINO AB1IM et 5BQ 3PUIONIAIGSIIS AN AQ 66T002202 2UCO/Z00T OT/I0pLIO0 a1 A

fal

2l

pue:

mp

26L801 SUOLILIOD BAEBID 9 GEa1jdde BU) AQ PoUBAOB 31 SIPILE WO 95N 03N 10} ARIGIT BUIIUO AB|IM UO



ChemPhysChem

[P1] — JOURNAL ARTICLE

Research Article

doi.org/10.1002/cphc.202200199

Chemistry

Europe

European Chemical
Societies Publishing

decomposition products. This observation is in good agreement
with the temperature onset identified in the C 1s spectra. The
cleavage of the carbon bond between cyano group and NBD
framework results into the detachment of the cyano
moieties.”’*¥ This new spectral shape maintains from 330 to
460 K. The slight increase in coverage by about 10% is
explained by different diffraction behavior of the formed
compounds depending on their orientation on the surface.*?
Further heating gives rise to a broad, asymmetric signal
developing at 470 K, which is fitted with one asymmetric peak
at 397.3 eV (Figure 6¢, gray). According to literature, this final
signal is assigned to nitride emerging upon CN
fragmentation,*33¢!

The N 1s spectra collected during the adsorption of the
valence isomer (CN),-QC are depicted in Figure 6f; the black
bold spectrum at the bottom was acquired prior to exposure,
while its slightly curved background indicates minor impurities
on the surface. During dosing, a characteristic line shape
evolves, which was fitted with two asymmetric peaks at 398.4
and 397.7 eV (Figure 6d, turquoise). For the largest exposure of
0.22 L, a carbon coverage of 0.25 ML was obtained. Analogous
to (CN)-NBD, the two peaks are attributed to different
adsorption sites and/or geometries on the surface. Contribu-
tions from multilayers are not found by comparison to the
spectrum of multilayers with two peaks at 400.2 and 399.7 eV
(see Figure S3f). Even though the peak maxima of (CN),-NBD
and (CN),-QC have almost identical binding energies, the
characteristic line shapes serve as fingerprint for the respective
molecule. This is due to the different intensity ratios and
number of the fitted peaks, which make the molecule pair
clearly distinguishable also in the N 1s region.

Selected XP spectra of the TPXPS experiment of (CN),-QC
are depicted in Figure 6e, along with color-coded fits in
Figure 6d; the quantification is given in Figure 3d. Up to 170K,
the total coverage remains constant. The peak at 398.4 eV
increases until this temperature to a maximum of 0.18 ML at
the expense of the peak at 397.7 eV, which is linearly declining
(see Figure 3d). The temperature of 170 K also marks the onset
of the evolution of a more narrow signal, which can be fitted
with exactly the same parameters as for (CN),-NBD. Hence, the
conversion of (CN),-QC to (CN),-NBD is confirmed in the N 1s

spectra at the same temperature as in the C 1s spectra. At
250 K, the isomerization is completed, yielding (CN),-NBD as
only surface species (Figure 6d, light orange). From this temper-
ature on, an analogous reaction pathway is observed for (CN),-
QC and (CN),-NBD. Above ~280K, the same fragmentation
product is detected with a peak at 397.6 eV (Figure 6d, purple)
attributed to cleaved cyano groups on the surface.*’** Above
470 K, the formation of nitride as final decomposition product is
deduced from the asymmetric peak at 397.3 eV (Figure 6d,
gray).[33a,36]

Conclusions

We investigated the surface chemistry of dicyano-norborna-
diene/quadricyclane on Ni(111) with HR-XPS, supported by DFT
calculations. The adsorption of (CN),-NBD and (CN),-QC yields
distinguishable spectroscopic fingerprints in the C 1s and N 1s
regions, which are characteristic of the respective molecule. In
addition, no indications for dissociation upon adsorption are
found. Results from DFT calculations show that the adsorption
in flat geometries (n:1)?) is energetically favored for (CN),-NBD,
whereas the weaker bound (CN),-QC displays minor energetic
differences in different adsorption motifs. During adsorption at
low temperature, the activation barrier to find the lowest
energy is not overcome, leading to a mixture of different
adsorption geometries. When supplying thermal energy to the
system, we propose a rearrangement step for (CN),-NBD into its
most favorable geometry. Simulated XP spectra confirm the
spectroscopic differences of (CN),-NBD and (CN),-QC.

Starting at 175 K, the conversion of (CN),-QC to (CN),-NBD is
spectroscopically observed, while (CN),-NBD is the solely
detectable surface species at 260 K. Upon heating above 290 K,
the molecular framework of (CN),-NBD decomposes with the
detachment of the cyano moiety. Above 400K, amorphous
carbon structures, carbide and nitride are formed (see
Scheme 1). In contrast to parent NBD and dibromo-substituted
NBD on Ni(111), benzene and methylidyne as decomposition
intermediates are not formed during thermal evolution. In
comparison, the dicyano-substituted system seems superior
with an about 100 K higher onset of decomposition.*'” Thus,

N 175-260 K oN
% —_— =
N eN rbomadiene (NBD)
(CN)-QC (CN);-NBD N
lngK [ ]+cH
'C'lcarbide + nitide <——— C-H fragments + CN

Scheme 1. Proposed reaction pathway of (CN),-QC on Ni(111): onset of cycloreversion reaction to (CN),-NBD at 175 K, being completed at 260 K; beginning
decomposition into C—H fragments and CN for temperatures above 290 K; final observation of amorphous carbon, carbide and nitride species.
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our study demonstrates that the reactivity of the norborna-
diene/quadricyclane system can be strongly influenced by the
choice of the functional group, with the cyano moieties being
electronically similar to halides, but smaller and more flexible.
The successful monitoring of the cyclorversion reaction and the
high thermal stability gives the general practicality of the
surveyed model system as promising candidate for future MOST
applications.
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Multilayer experiments of (CN).-NBD and (CN)2-QC

Multilayer experiments were performed to obtain further insights and to give additional
proof for the conversion of (CN)2-QC to (CN)2-NBD. In these experiments, multilayers of
both molecules were adsorbed at 130 K. The comparison of the respective spectral line
shapes to those of submonolayers adsorbed at 130 K on Ni(111) (see main manuscript)
is depicted in Figure S1. The multilayers of the two molecules show a very characteristic
molecule-specific shape, which in both cases can clearly be differentiated from the

submonolayer region by additional peaks at higher binding energies.

C 1s, hu = 380 eV c N 1s, hu = 500 eV

a) (CN)-NBD @ 130 K (CN),-NBD @ 130 K
—— submonolayer (0.12 L) submonolayer (0.18 L)
— multilayer (4.40 L) — multilayer (3.40 L)

=
=
5,
= pp————
:‘:3 b) (CN);-QC @ 130 K C1s, hu=380eV d) (CN),-aC @ 130 K M 1s, hu = 500 eV
£ = gsubmonolayer (0.13 L) e gubmonolayer (0.15 L)

— rrultilayer (3.85L1) — rrultilayer (3.00 L)
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Figure S1: Depiction of acquired submono- and multilayer spectra at adsorption temperature of
130K for (a, c) (CN)2-NBD and (b, d) (CN).-QC in the respective core region; the characteristic line
shape evolves features at higher binding energy side for multilayer exposures.

As a next step, temperature-programmed experiments were carried out. The
desorption temperature of the multilayers is identified for both molecules to be about
~250 K; above this temperature saturated monolayers remain on the surface. The C 1s
multilayer spectra of (CN)2-NBD and (CN)2-QC show very characteristic differences
measured right after adsorption (see Figure S2a and S2f). However, the comparison of
the spectra of the two molecules after heating to 275 K gives an identical spectral shape,
which is fitted with four peaks at 284.9, 284.3, 283.8 and 283.2 eV with a constant relative
ratio (Figure S2b and S2e, light green). This again indicates complete conversion of

(CN)2-NBD to (CN)2-QC at this temperature.
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Figure S2: XP spectra of multilayer experiments of (a) (CN)2-NBD and (f) (CN)2-QC in the C 1s region
after adsorption with color-coded fits (dark colors represent multilayer peaks); (b, e) comparison of
spectra at 275 K confirms conversion of (CN):-QC to (CN)2-NBD resulting in the same surface species
(light green); (c, d) differences to equivalent spectra of submonolayer experiments (green).

Notably, compared to the submonolayer experiments at this temperature (see
Figure S2c and S2d), the positions of the fitted peaks deviate up to 0.3 eV, and the line
shape of the spectra obtained after heating the multilayer to 275 K is overall broader with
additional intensity at ~284 eV in comparison to submonolayer exposures heated to the
same temperatures. These differences are explained by the higher surface coverage, by
which stronger intermolecular interactions are expected and not all molecules can
rearrange to the most stable configuration.

The findings in the N 1s region display the same behavior. The characteristic
spectra of (CN)2-NBD and (CN)2-QC with their distinct multilayer features serve as

fingerprint (see Figure S3a and S3f). However, after heating to ~270 K, their spectral
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differences are gone, and the three fitted peaks at 399.6, 398.3 and 397.6 eV are identical
for both molecules (Figure S3b and S3e, orange). As before, the spectra obtained after
heating the multilayer to 275 K do not match those of the submonolayer at equivalent
temperatures (see Figure S3c and S3d). In comparison, they are shifted to lower binding
energies by about 0.6 eV and possess a higher asymmetry towards higher binding energy
side. The underlying reason is again the larger surface coverage and the results of that.
Nevertheless, the isomerization reaction of (CN)2-QC to (CN)2-NBD is also clearly

observed in these additional experiments.

c) (CN),-NBD (submono) M 1s,hu=500eV| |d) (CN),-QC (submono) N 1s, hv = 500 eV
270K 275K
0.32 C-ML 0.26 C-ML

b) (CN),-NBD {multi) N1s,hu=500eV| |e) (CN),-QC (multi) N s, hv = 500 eV
5 | 265K 270K
g 1.02 C-ML 1.08 C-ML
]
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'
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L
=
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145 K

L LR S LR LR L LA LA RN RN LR LA AR

402 401 400 399 398 397 396 402 401 400 399 398 397 39€
Binding Energy [eV] Binding Energy [eV]

Figure $3: XP spectra of multilayer experiments of (a) (CN).-NBD and (f) (CN)2-QC in the N 1s region
after adsorption with color-coded fits (dark colors represent multilayer peaks); (b, e) comparison of
spectra at ~270 K confirms conversion of (CN)2-QC to (CN),-NBD resulting in the same surface
species (orange); (c, d) differences to equivalent spectra of submonolayer experiments (light
orange).
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Comparison of (CN)2-NBD and (CN)2-QC with unsubstituted NBD and QC

b) (CN),-NBD C1s, hu=380eV| |c) Norbornadiene (NBD)  C1s. hu=380eV
280K 280K Ni(111)
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£
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Figure S4: Comparison of XP spectra of (CN).-NBD with unsubstituted norbornadiene on Ni(111) in
the C 1s region at (a, d) adsorption temperature and (b, c) 280 K; whereas (CN),-NBD (green)
displays only minor changes in the intensity ratio of the fitted peaks, NBD (dark gray) has already
reacted to benzene (gray) and methylidyne (light gray).

b) (CN),-QC C 1s, hu =380 eV c) Quadricyclane (QC) C 1s, hu = 380 eV
200K 200K Ni(111)
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Figure S5: Comparison of XP spectra of (CN):-QC with unsubstituted quadricyclane on Ni(111) in
the C 1s region at (a, d) adsorption temperature and (b, c) 200 K; whereas (CN),-QC (blue) displays

the partial conversion to (CN)z-NBD (green), the line shape of (CN)2-QC does not resemble that of QC
at elevated temperature.
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Beam damage test of (CN)2-QC
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Figure S6: Representation of XP spectra of (CN),-QC measured (black) prior to and (red) after
irradiation with X-rays for five minutes; the excitation energy was chosen to 380 and 500 eV for the
respective core level. (a) In the C 1s region, the spectral shape of (CN),-QC assimilates that of
(CN):-NBD by a shift of the main peak towards lower binding energy and a broadening of the
shoulder. (b) The N 1s region exhibits minor changes in its spectral shape as the effects of the
conversion are not as pronounced herein.
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NMR spectra of (CN)>-NBD and (CN)2-QC
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Figure S7: 1H-NMR spectrum of 2,3-Dicyano-NBD (CDCl3; 300 MHz)
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Figure $8: 13C-NMR spectrum of 2,3-Dicyano-NBD (CDCls; 300 MHz)
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Figure §9: 1H-NMR spectrum of 2,3-Dicyano-QC (CDCl3; 400 MHz)
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Figure $10: 13C-NMR spectrum of 2,3-Dicyano-QC (CDClz; 400 MHz)
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Surface Studies on the Energy Release of the MOST System
2-Carbethoxy-3-Phenyl-Norbornadiene/Quadricyclane
(PENBD/PEQC) on Pt(111) and Ni(111)

Felix Hemauer,” Valentin Schwaab,” Eva Marie Freiberger,” Natalie J. Waleska,™
Andreas Leng,” Cornelius WeiB,”™ Johann Steinhauer,” Fabian Diill,” Philipp Bachmann,®

Andreas Hirsch,” Hans-Peter Steinriick,”™ 9 and Christian Papp

*[a, ¢, d]

Abstract: Novel energy-storage solutions are necessary for
the transition from fossil to renewable energy sources.
Auspicious candidates are so-called molecular solar thermal
(MOST) systems. In our study, we investigate the surface
chemistry of a derivatized norbornadiene/quadricyclane mol-
ecule pair. By using suitable push—pull substituents, a bath-
ochromic shift of the absorption onset is achieved, allowing a
greater overlap with the solar spectrum. Specifically, the
adsorption and thermally induced reactions of 2-carbethoxy-
3-phenyl-norbornadiene/quadricyclane are assessed on Pt-
(111) and Ni(111) as model catalyst surfaces by synchrotron
radiation-based X-ray photoelectron spectroscopy (XPS).
Comparison of the respective XP spectra enables the
distinction of the energy-rich molecule from its energy-lean
counterpart and allows qualitative information on the

adsorption motifs to be derived. Monitoring the quantitative
cycloreversion between 140 and 230K spectroscopically
demonstrates the release of the stored energy to be
successfully triggered on Pt(111). Heating to above 300K
leads to fragmentation of the molecular framework. On
Ni(111), no conversion of the energy-rich compound takes
place. The individual decomposition pathways of the two
isomers begin at 160 and 180 K, respectively. Pronounced
desorption of almost the entire surface coverage only occurs
for the energy-lean molecule on Ni(111) above 280 K; this
suggests weakly bound species. The correlation between
adsorption motif and desorption behavior is important for
applications of MOST systems in heterogeneously catalyzed
processes.

J

Introduction

The structural transition to renewable energy sources is one of
the most decisive challenges of the 21st century. With a share

[a] F. Hemauer, V. Schwaab, E. M. Freiberger, N. J. Waleska, Dr. J. Steinhauer,
Dr. F. Diill, Dr. P. Bachmann, Prof. Dr. H.-P. Steinrtick, Prof. Dr. C. Papp
Lehrstuhl fiir Physikalische Chemie Il
Friedrich-Alexander-Universitdt Erlangen-Niirnberg
Egerlandstr. 3, 91058 Erlangen (Germany)

E-mail: christian.papp@fau.de

[b] A. Leng, Dr. C. WeiB3, Prof. Dr. A. Hirsch

Lehrstuhl fiir Organische Chemie Il

Friedrich-Alexander-Universitdt Erlangen-Niirnberg

Nikolaus-Fiebiger-Str. 10, 91058 Erlangen (Germany)

Prof. Dr. H.-P. Steinrtick, Prof. Dr. C. Papp

Erlangen Center for Interface Research and Catalysis (ECRC)

Friedrich-Alexander-Universitdt Erlangen-Niirnberg

Egerlandstr. 3, 91058 Erlangen (Germany)

[d] Prof. Dr. C. Papp

Physikalische und Theoretische Chemie

Freie Universitdt Berlin

Arnimallee 22, 14195 Berlin (Germany)

Supporting information for this article is available on the WWW under

https://doi.org/10.1002/chem.202203759

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH

GmbH. This is an open access article under the terms of the Creative

Commons Attribution License, which permits use, distribution and re-

production in any medium, provided the original work is properly cited.

[c

=2

2

Chem. Eur. J. 2023, 29, €202203759 (1 of 10)

of more than 76% of the primary energy consumption in
Germany in 2021, there is still a major dependence on fossil
fuels. Moreover, the future of nuclear power generation is
questionable due to safety concerns and political decisions.”’
Thus, green energy production is without alternative. However,
in addition to geographical factors and seasonal fluctuations,
there is no constant renewable power generation throughout a
day. This intermittent character is especially pronounced for
wind and solar energy. The resulting mismatch between load
and demand of energy requires novel storing solutions.

One approach to tackle both energy production and energy
storage are so-called molecular solar thermal (MOST) systems.”
Unlike to photovoltaic devices, solar energy is captured and
stored in a chemical manner. The energy-lean parent com-
pound is converted to its energy-rich valence isomer by
irradiation. In this process, a rearrangement of chemical bonds
leads to strain within the molecular framework. Triggered
thermally or catalytically, the back reaction releases the
energetic difference on demand. The energy density strongly
depends on the molecular weight and the reaction enthalpy of
the photoconversion. Moreover, the absorption maximum of
the energy-lean compound should coincide with the solar
spectrum. Reversibility of the overall storage cycle and thermal
stability also determine the feasibility of the considered
systems.

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

European Chemical
Societies Publishing



Chemistry—A European Journal

[P2] — JOURNAL ARTICLE

Research Article

doi.org/10.1002/chem.202203759

Chemistry

Europe

European Chemical
Societies Publishing

Various compound classes have been suggested for MOST
applications in literature. These include different azobenzenes,”
stilbenes,” or fulvalene-tetracarbonyl-diruthenium' based sys-
tems. Herein, we investigate derivatives of the molecule pair
norbornadiene (NBD) and quadricyclane (QC). The parent
compounds are well known for several decades” and exhibit
promising storage properties with a sufficient quantum yield for
the photoconversion,”® a reasonable long-term stability,” and a
high reaction enthalpy of 89 kJmol™"."” However, the absorp-
tion onset of unsubstituted NBD at ~267 nm''" has to be
shifted to higher wavelengths for a better overlap with the solar
spectrum.” Functionalization of the molecular framework leads
to the desired bathochromic shift, but increases the molecular
weight and, therefore, reduces the storage capacity. In addition,
requirements concerning the thermal stability and facile isomer-
ization into its energy-rich counterpart have still to be fulfilled.
By now, numerous derivatives are available from synthesis."""*

Insights into the surface chemistry at molecular scale during
heterogeneously catalyzed processes provide crucial informa-
tion for the path to real-life applications of the proposed model
systems. Next to demonstrating successful isomerization and a
triggered back reaction, stability boundaries and the interaction
strength with the surface must be assessed. Our group
investigated the cycloreversion reaction of unsubstituted QC to
NBD and its thermal evolution on different catalyst surfaces. We
found a high reactivity on Pt(111)," such that the conversion
to NBD took place at temperatures below 125 K. On Ni(111),1"*!
the onset of the reaction of QC to NBD was determined to be
~168 K. The decomposition of NBD set in at about 190K in
both cases. In addition, first derivatives were studied on Ni(111).
Results for 2,3-dibromonorbornadiene and its isomer"® showed
a partial dissociation of the bromine moieties at ~120K.
Nevertheless, the cycloreversion occurred at 170 K, while the
subsequent reaction was equivalent to that found for the
unsubstituted system. For 2,3-dicyano-norbornadiene and the
corresponding isomer,”"” we observed intact adsorption at
130 K. The conversion reaction to the NBD derivative was
monitored between 175 and 260 K, while thermal stability was
given up to 290 K.

In this work, we discuss the adsorption and reaction
behavior of 2-carbethoxy-3-phenyl-norbornadiene/quadricy-
clane (Figure 1), which is addressed in the following as phenyl-
ester-NBD/QC (PENBD/PEQC), on Pt(111) and Ni(111). With its
push-pull substituents, the absorption onset of this NBD
derivate at 359 nm"® is favorable, while the molecular mass is
still reasonable with 240.3 gmol™". Synchrotron radiation-based
X-ray photoelectron spectroscopy allows for in-situ measure-
ments during adsorption. Temperature-programmed XPS
(TPXPS) experiments were conducted to gain insights into the
reaction pathway of both compounds on the two surfaces. In
this way, we provide results on the feasibility of triggering the
cycloreversion, and information about the thermal stability and
decomposition. Thereby, another molecular design of norborna-
diene/quadricyclane systems is evaluated.

Chem. Eur. J. 2023, 29, €202203759 (2 of 10)

Figure 1. Scheme of the overall energy storage cycle of PENBD/PEQC as a
proposed molecular solar thermal system: 1) Solar energy is captured and
stored through irradiation of PENBD and isomerization to PEQC. 2) Adsorp-
ption of PEQC on a suitable catalyst material to trigger 3) the cycloreversion
reaction back to PENBD under the release of energy on demand.

4) Desorption of the intact molecule for ideal total reversibility. XPS
experiments conducted under UHV conditions are indicated by representa-
tion of the photoelectric effect.

Results and Discussion

The feasibility of the molecule pair 2-carbethoxy-3-phenyl-
norbornadiene/quadricyclane (PENBD/PEQC) as a MOST system
is addressed on different model catalyst surfaces, namely
Pt(111) and Ni(111). In our study, we discuss in-situ HR-XPS
measurements of the thermal evolution. In all experiments, the
coverage was chosen to be in the sub-monolayer range to trace
the reaction pathway without influence by possible physisorbed
layers, which do not take part in the reaction. In the following,
first C 1s spectra are evaluated, and the complementary O 1s
region is described thereafter.

PENBD/PEQC on Pt(111): C 1s region

We start with discussing the adsorption of PEQC and PENBD on
Pt(111) at 125 K. Figure 2a depicts the evolution of the C 1s
spectra with characteristic line shape upon exposing the clean
surface (gray spectrum) to the energy-rich, strained PEQC. An
exposure of 3.7 L resulted in a carbon coverage of 0.39 ML
(red). The adsorption of the energy-lean counterpart PENBD is
shown in Figure 2f; in this case, an exposure of 2.4 L at 125K
led to a coverage of 0.25ML (blue). After the adsorption
experiments, the temperature-programmed experiments were
conducted by applying a constant heating rate (3=0.5Ks™"),
while acquiring XP spectra continuously. Figure 2b depicts
selected spectra of PEQC of the thermal evolution, and in
Figure 2e the corresponding data of PENBD is shown. All XP
spectra of the adsorption and TPXPS experiments are provided
as density plots (Figure S2 in the Supporting Information). For a
quantitative analysis of the adsorption and reaction behavior,

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 2. XP spectra of a) PEQC and f) PENBD in the C 1s region upon adsorption at low temperature on Pt(111); their characterisitc line shapes enable the
molecules to be distinguished. The thermal evolution during temperature-programmed XPS (TPXPS) experiments is depicted for selected spectra of b) PEQC

and e) PENBD as waterfall plots; c), d) spectra shown with fits are highlighted.

the data for both molecules have been fitted with a suitable fit
model (see Table S1 for parameters).

We begin with the analysis of the data for adsorption of the
energy-rich PEQC on Pt(111). Representative XP spectra along
with their color-coded fits are shown in Figure 2c. At 125 K, the
C 1s spectrum of PEQC (red) is fitted with four peaks at 283.7,
284.2, 284.7 and 286.0 eV with a fixed relative intensity ratio
(1:8:8:2). Due to the large number of chemically very similar
carbon atoms within the molecular structure and different
possible orientations on the surface, the overlapping peaks
cannot be assigned to individual carbon atoms in the
molecules. The XP spectra rather serve as fingerprint of the
investigated molecule. Nevertheless, we assume that the carbon
atoms adjacent to the oxygen atoms of the ester moiety
contribute to the peaks at higher binding energy."® The other
peaks fall in the binding energy range known for unsubstituted
quadricyclane on Pt(111) between 283.5 and 284 eV, and
benzene on Pt(111) between 284 to 285 eV.2%

The result of peak fitting for the energy-lean PENBD is
shown in Figure 2d for different representative temperatures.
After adsorption of PENBD at 125K (blue), at first sight, an
overall similar line shape is detected as for PEQC. This is not
surprising, as both molecular structures deviate by only two
C—C bonds within the extended framework. However, closer

Chem. Eur. J. 2023, 29, €202203759 (3 of 10)

inspection showed that quite different fit parameters have to
be employed. Most notably is the difference of the relative
intensity ratio (1:4:1:0.6) for PENBD, in comparison to PEQC
(see above). While again four peaks describe the envelope of
the measured spectra, the peaks are shifted to lower binding
energies by 100 to 200 meV in comparison to PEQC, yielding
values of 283.9, 284.4, 284.9 and 285.9 eV. In addition, the peak
widths are different, that is, the peak at 283.9 eV is by 190 meV
broader, whereas that at 284.9 eV is by 220 meV more narrow.
As outlined above, a direct assignment of the respective signals
to single atoms is not possible. Nevertheless, we again propose
that the peak at highest binding energy correlates to the
carbon atoms close to the ester group. Similar subtle differ-
ences in the spectral appearance have also been found for
unsubstituted NBD/QC on Pt(111)." In summary, molecular
adsorption of both PEQC and PENBD is observed, with each
showing a distinct spectral fingerprint.

Next, we address the C 1s spectra during thermal evolution
of PEQC on Pt(111). In Figure 2b, the waterfall plot shows
selected spectra upon heating, and Figure 2c displays the peak
fitting for the spectra at 125, 245 and 420 K. The corresponding
quantitative analysis of all spectra of the heating series yields
the coverage of the surface species in carbon MLs as a function
of temperature in Figure 3; in addition, the proposed reaction

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 3. Quantitative analysis of the temperature-programmed XPS (TPXPS) experiment of PEQC in the C 1s region on Pt(111) coverage in carbon monolayers
as a function of temperature: onset of the back reaction of PEQC to PENBD at 140 K, PENBD as solely surface species above 230 K, and decomposition into

C—H fragements and CO when heating higher than 300 K; 8=0.5 Ks .

pathway of PEQC on Pt(111) is illustrated. The spectral
appearance of PEQC stays unchanged until 140 K. Thereafter,
the shoulder at ~285 eV loses intensity and the height of the
maximum at ~284.4 eV increases. Overall, a transformation
towards the line shape of PENBD at 125 K (Figure 2d, bottom)
occurs. From the identical fit parameters at 245 K, we conclude
that equivalent surface species exist. The onset of the cyclo-
reversion reaction of PEQC to PENBD is at 140 K. Above this
temperature, the surface coverage of PEQC is declining to the
same extent as that of PENBD is increasing, while the total
carbon amount remains constant. At 180 K, the amount of
PENBD passes that of PEQC, and above 230 K, only PENBD is
present on the surface (Figure 3). The unchanged total surface
coverage and the absence of additional peaks indicate that no
side reactions or desorption takes place and a quantitative
conversion of PEQC to PENBD occurs. The observations for
PEQC are in contrast to those for unsubstituted QC, which
undergoes a direct back reaction to NBD upon adsorption on
Pt(111) already at 125 K."™ Therefore, steric and electronic
influences by the push/pull-ligands and a different adsorption
geometry hinder the catalytic activity on Pt(111) for the energy-
rich PEQC derivative, so that a controlled conversion to energy-
lean PENBD is observed at higher temperatures. Upon further
heating, an analogous reaction behavior is found as for the
PENBD experiment (see below).

The thermal evolution of PENBD can be analyzed from the
TPXP spectra in Figure 2e and the selected fits in Figure 2d. Up
to 300 K, no changes of the spectral line shape of PENBD are
observed. Both the widths as well as the relative intensities
remain constant; minor deviations of the peak positions by less
than 100 meV towards lower binding energies are within the
accuracy of measurement and evaluation. This observation
indicates that the thermal stability of PENBD is relatively high,
considering the fact that for unsubstituted NBD on Pt(111)
already at 190 K the dissociation of a hydrogen atom from the
bridgehead methyl group occurs."” This comparison suggest a
different adsorption behavior of PENBD with no “side-on”

Chem. Eur. J. 2023, 29, €202203759 (4 of 10)

geometry, implying that the bridgehead methyl group of the
NBD unit does not point towards the surface. Above 300 K, a
broadening of the main signal is found, which is fitted with two
peaks at 284.1 and 284.6 eV (yellow). This indicates the onset of
the decomposition of the molecular framework into unspecified
C—H fragments as common dissociation products of hydro-
carbons at elevated temperatures."*?"! The two remaining peaks
at higher binding energies, 286.0 and 286.9 eV (green) are
ascribed to emerging carbon monoxide (CO), in accordance to
literature values for bridge and on-top adsorption sites on
Pt(111).22 The amount of detected CO (Figure 3) matches the
expected proportion of 12.5% (1/8) of the total fit area,
implying the quantitative formation of two equivalents of CO
for each decomposed molecule.

The complementary O 1s spectra of PEQC and PENBD on
Pt(111) are given in Figure S1. However, due to coadsorption of
water, the low oxygen content of the molecules and resulting
rather low signal-to-noise ratio, less information can be derived.
Moreover, the spectral differences of PEQC and PENBD are less
pronounced in the O 1s spectra, since the structural differences
only affect two pairs of carbon atoms within the NBD/QC
framework, which are remote to the ester moiety. Thus, no
distinction is possible in the O 1s region. Nonetheless, the
stability boundaries are verified and the presence of carbon
monoxide, in bridge and on-top position, is confirmed.

PENBD/PEQC on Ni(111): C 1s region

For comparison, we also addressed the adsorption and thermal
evolution of PEQC and PENBD on Ni(111). The data is depicted
and evaluated analogously to the Pt(111) experiments. The
corresponding density plots of all measured XP spectra are
given in Figure S3. Figure 4a shows the spectra during exposure
of Ni(111) to the energy-rich, strained PEQC at 115 K leading to
a characteristic line shape; the exposure of 1.4 L yielded 0.29 ML
(red spectrum). Small intensities prior to the dosage (gray) are
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Figure 4. XP spectra of a) PEQC and f) PENBD in the C 1s region upon adsorption at low temperature on Ni(111); their characterisitc line shapes enable the
molecules to be distinguished. The thermal evolution during temperature-programmed XPS (TPXPS) experiments is depicted for selected spectra of b) PEQC

and e) PENBD as waterfall plots; c), d) spectra shown with fits are highlighted.

due to preadsorption of residual PEQC molecules in the
chamber. The adsorption of the energy-lean PENBD at 120 K is
depicted in Figure 4f (blue); here an exposure of 1.9 L resulted
in a coverage of 0.42 ML. The subsequent TPXPS experiments of
PEQC and PENBD are shown in Figure 4b and 4e, respectively.
Again, the data was fitted for quantitative analysis (see Table S2
for parameters). Selected spectra of PEQC and PENBD along
with their color-coded fits are shown in Figure 4c and d,
respectively. The quantitative analyses of the thermal evolution
are provided in Figure 5, wherein the coverages of the surface
species are plotted against the temperature.

The spectrum after adsorption of PEQC on Ni(111) at 115K
(red) is fitted with four peaks at 284.3, 284.8, 285.3 and 286.1 eV
with constant relative intensity ratio (10:3.7:2.5:0.7). As was
the case for Pt(111), no direct assignment of the fitted peaks to
single atoms within the molecular framework is possible, but
the line shape serves as spectroscopic fingerprint of the
investigated molecule. In literature, signals of unsubstituted QC
on Ni(111) have been observed between 283.5 and 284.5 eV,
and those of benzene at slightly higher binding energies.””
Thus, a convolution of these contributions plus those of the
ester moiety up to 286.1eV are in line with the observed
spectrum of PEQC. Notably, while binding energy positions are
comparable to the values of PEQC on Pt(111) (see above), their

Chem. Eur. J. 2023, 29, €202203759 (5 of 10)

relative intensities are different and the FWHM is higher on
Ni(111).

After adsorption of PENBD on Ni(111) at 120K, the C 1s
spectrum in Figure 4d (blue) displays a very different line shape
from that of PEQC, with two separated strong signals. Fitting
yields four peaks at 284.5, 285.0, 286.1 and 286.5 eV, with fixed
relative intensity ratio (1:3.7:1.2:0.5); the peaks are individually
shifted by up to 800 meV towards higher binding energies and
show other widths compared to PEQC/Ni(111). The minor
contribution at 283.2 eV (1.2% of total intensity) is assigned to
carbide,*” which is present on the surface prior to the
adsorption and does not change during the experiment. Again,
no attribution to single atoms is possible from the fitted peaks.
Since there are only slight structural differences between PEQC
and PENBD, it is surprising to find such strongly differing
spectral shapes after adsorption on Ni(111), unlike to the
situation on Pt(111). Next to different electronic influences of
the substrate, an additional cause for this behavior is the
possible coexistence of different adsorption geometries of
PEQC and PENBD, which will be discussed later in the O 1s
section.

The thermal evolution of PEQC on Ni(111) is shown in the
waterfall plot in Figure 4b, along with selected fits in Figure 4c;
the quantitative analysis of all data is given in Figure 5a. Line
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Figure 5. Quantitative analysis of the TPXPS experiments on Ni(111) of a) PEQC in the C 1s region, b) PEQC in the O 1s region, c) PENBD in the C 1s region, and
d) PENBD in the O 1s region. Respective surface species are color coded, and their coverages are given in corresponding monolayers as a function of

temperature; 3=0.5Ks ™.

shape and coverage remain unchanged, until above 180 K small
changes in the spectral appearance and an overall shift to lower
binding energies are observed, indicating a transformation of
the surface species that is complete at ~240 K; four new peaks
at 284.1, 284.6, 285.2 and 286.3 eV are employed in order to
obtain a satisfying fit (Figure 4c, light red). Three are shifted to
lower binding energies by up to 200 meV, and only the peak at
286.3 eV shifts to higher binding energies by 200 meV. In
addition, the relative intensity ratios change, in particular
yielding a lower intensity for the peak with the lowest binding
energy due to a more narrow line shape. Therefore, a rearrange-
ment of the molecule on the surface, similar to what has been
reported for dicyanonorbornadiene,"” and/or decomposition
reactions® are proposed. Compared to PENBD at equivalent
temperatures, the line shape differs significantly. This is true for
every spectrum during the thermal evolution of the molecular
pair indicating no cycloreversion of PEQC to PENBD or even the
presence of identical surface species at any temperature on
Ni(111). Instead, individual decomposition routes are found. The
stability boundaries are similar to unsubstituted and dibromo-
substituted NBD/QC on nickel.>™

Upon further heating PEQC to above 270K, another
characteristic change of the line shape is seen. The spectra are
fitted by four new peaks at 284.1, 284.8, 285.5 and 286.4 eV
(Figure 4c), with no change in total coverage (Figure 5a) and
thus no desorption, which is in contrast to the behavior of
PENBD (see below). The peaks at 285.5 and 286.4 eV (green) are
ascribed to CO on bridge site and on top site, respectively;
small shifts to higher binding energies compared to clean
Ni(111) are attributed to coadsorption of hydrogen and

Chem. Eur. J. 2023, 29, 202203759 (6 of 10)

oxygen.”™ As for PEQC/Pt(111), two equivalents of CO are
formed for each decomposed PEQC molecule, since the fit area
of CO (~12%; Figure 5a) agrees with the stoichiometric ratio of
1/8. The two remaining peaks at 284.1 and 284.8 eV are due to
residual unspecified C—H fragments on the surface (yellow)lm]
The thermal evolution of PENBD on Ni(111) is shown in the
waterfall plot in Figure 4e and selected fits in Figure 4d. The
line shape and coverage (Figure 5c) remains unchanged up to
160 K. Thereafter, the spectroscopic appearance shows a
pronounced change, and the C 1s spectra are now fitted with
three new peaks at 284.5, 284.8 and 286 eV (Figure 4d, light
blue). Thus, this temperature marks the onset of the first
reaction step. Simultaneously, we find a significant change in
the O 1s region (see below). These observations indicate a
decomposition of the molecular framework, likely with a
detachment of the ester moiety.”® In contrast to unsubstituted
NBD and dibromo-substituted NBD on Ni(111),"*7'® there are no
indications for the formation of methylidyne or benzene.?**”
Interestingly, the total carbon amount rises by 30% to 0.56 ML
at 205 K, when the signals of intact PENBD have vanished. Since
no additional carbon was supplied to the surface, we attribute
this observation to a lower attenuation of the photoelectrons
due to the reaction step and/or different photoelectron
diffraction conditions for the distributed fragments in compar-
ison to the bulky molecule (note the high surface sensitivity
and multiple scattering effects at the chosen low kinetic energy
of the photoelectrons of ~100eV).” Starting at 280K, a
pronounced decrease of the total coverage to a residual
coverage of 0.06 ML at 340 K is observed in Figure 5c (that is, a
decline of more than 87%), indicative of nearly complete
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desorption of all surface species. This strong desorption is
rather uncommon for extended hydrocarbon molecules. We
explain this behavior by a weak interaction of the decomposi-
tion fragments with the nickel surface. With support of the O 1s
data (see below), a less stable adsorption motif of PENBD is
proposed. Next to the present carbide at 283.2eV, the
remaining signal above 340 K is fitted with three peaks at 283.4,
284.3 and 285.4 eV (Figure 4d). While the latter peak (green) is
assigned to CO in bridge position,”® the other two peaks
(yellow) are attributed to C—H fragments.””!

PENBD/PEQC on Ni(111): O 1s region

Complementary information on adsorption and reaction of
PEQC and PENBD on Ni(111) is obtained from TPXPS in the O 1s
region. All XP spectra are depicted as density plots in Figure S3.
The spectra collected during adsorption of the energy-rich
PEQC at 120K are shown in Figure 6a; an exposure of 1.1L
yielded a final coverage of 0.19 carbon ML (red spectrum). Prior
to the adsorption (gray), contributions due to preadsorption
from residual PEQC in the chamber are visible. The spectra
during adsorption of the energy-lean PENBD are shown in
Figure 6f; here, an exposure of 1.5L yielded 0.32 carbon ML

(blue). The subsequent TPXPS measurements are depicted as
waterfall plots in Figure 6b for PEQC and Figure 6e for PENBD.
Analogous to the C 1s experiment, the spectra are fitted for
quantitative analysis (see Table S2 for parameters).

Figure 6¢ depicts the O 1s spectra of PEQC on Ni(111) at
selected temperatures along with their color-coded fits. The
quantification of the data is given in Figure 5b. After adsorption
at 120K (red), two distinct signals are observed. For the fit
model, three peaks at 531.7, 533.1 and 533.3 eV are employed
to reproduce the line shape. Since the total carbon coverage
stays constant up to ~250 K (Figure 5a) but the total oxygen O
1s coverage decreases by almost 30%, we conclude that
coadsorbed water contributes to the O 1s signal. We attribute
the peak at 533.1 eV in Figure 6¢ (turquoise) to water, as its
binding energy and desorption temperature match literature
values on Ni(111).2" The two peaks at 531.7 and 533.3 eV (red)
are assigned to PEQC, as expected for two inequivalent oxygen
atoms in the molecule; accordingly, the areas of both peaks are
identical. The peak at 533.3 eV stems from the ether oxygen
(C—0—C) within the ester moiety, and the peak at 531.7 eV from
the carbonyl oxygen (C=0). Notably, the latter one exhibits a
narrower peak width by 625 meV, which is explained by the
more constrained flexibility of the double bound oxygen atom.
The binding energy difference of 1.6 eV of both oxygen atoms
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Figure 6. XP spectra of a) PEQC and f) PENBD in the O 1s region upon adsorption at low temperature on Ni(111). The thermal evolution during temperature-
programmed XPS (TPXPS) experiments is depicted for selected spectra of b) PEQC and e) PENBD as waterfall plots; c), d) representative surface species are

given with their corresponding color-coded fits, respectively.

Chem. Eur. J. 2023, 29, €202203759 (7 of 10)

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

Q'S¢ 'e§0z 'S9LETCST

woyy

1N Aq 652602202 WBLD/Z00T OT/10p/ W00 M|

0 e s | 841 89S *[£202/60/LT] Uo Ariqiiauliuo A|im ‘Med od spL

oI A

P

B5US017 SUOWIWIOD) BAIERID) 3ged ! dde au) Aq peuenob ae sspie YO 8sn Jo Sajni 10 ARig 17 8uluO AS|1A Lo (Suonipt



Chemistry—A European Journal

[P2] — JOURNAL ARTICLE

Research Article

doi.org/10.1002/chem.202203759

Chemistry

Europe

European Chemical
Societies Publishing

is in agreement with ester derivatives adsorbed on single crystal
surfaces.'%?83

For PENBD on Ni(111), the fit to the spectrum after
adsorption at 120K is shown in Figure 6d (blue). Again, the
coadsorption of water was unavoidable during exposure
yielding a peak at 533.1 eV (turquoise).®"” The spectrum is fitted
with three additional peaks at 531.5, 532.7 and 533.3 eV (blue),
with a fixed relative intensity ratio (1:2:1). The positions are
shifted to lower binding energies by up to 600 meV in
comparison to PEQC. Along to the results of Ontaneda et al.,®?
we attribute this to a stronger interaction of the oxygen atoms
with the surface. Interestingly, on Pt(111) hardly any difference
is observed in the O 1s spectra of PEQC and PENBD at 125 K
(Figure S1). With only minor structural differences between
PEQC and PENBD, remote to the oxygen atoms, different
adsorption motifs of the molecules are expected. As PEQC
features higher O 1s binding energies, the oxygen atoms of the
ester group are likely to be not bound to the surface;®” instead,
stable adsorption by the QC framework and phenyl moiety is
suggested. In contrast, for PENBD, we propose an “oxygen
bound” geometry with the ester group pointing towards the
surface. Our fits indicate two different binding fashions: The
binding with two oxygen atoms to the surface leads to a very
similar chemical environment for both atoms and is attributed
to the peak at 532.7 eV; on the other hand, the two peaks at
531.5 and 533.3 eV, with identical fit area, are due to a binding
and non-binding oxygen atom.*? Notably, various rotational
isomers of esters are known on Ni(111)®¥ enabling different
binding motifs. The pronounced desorption of PENBD on
Ni(111) for relatively low temperatures of 270 K (Figure 5¢) is
attributed to the weaker Ni-oxygen interaction® compared to
the Ni-carbon bond for PEQC. Our results thus indicate that the
derivatization with extended ligands can determine the
adsorption behavior of the molecule pair and hereby leads to
very different desorption properties and decomposition path-
ways upon heating, which is addressed in the following.

The thermal evolution of PEQC on Ni(111) in the O 1s region
is shown in Figure 6b as waterfall plot, along with selected fits
in Figure 6¢; the quantitative analysis is given in Figure 5b.
Analogous to the PENBD experiment (see below), the water
contributions desorb between 140 and 180K, so that the
intensity of the PEQC peaks increase slightly due to less
damping. Starting at 180 K, a narrow peak appears at 529.6 eV,
which is assigned to atomic oxygen on Ni(111) (orange).?**%¢3%!
At the same time, two new peaks at 531.3 and 533.5 eV indicate
the onset of the decomposition of PEQC (rose). This observation
matches the conclusions derived from the C 1s experiment (see
above). Heating to above 280 K gives rise to an additional peak
at 531.0 eV (green), which is assigned to CO on a bridge site,*"
in line with the findings in the C 1s region.

The TPXPS experiment of PENBD on Ni(111) in the O 1s
region is depicted in Figure 6e along with selected fits in
Figure 6d, and the quantitative analysis in Figure 5d. Between
140 and 180 K, coadsorbed water desorbs, which is in agree-
ment with findings in literature.*™™ Above 160K, a new peak
evolves at 531.4 eV (light blue). This clear shift of 1.3 eV of the
main signal towards lower binding energy matches the spectral

Chem. Eur. J. 2023, 29, 202203759 (8 of 10)

changes in the C 1s region at equivalent temperatures (see
above). Therefore, a first reaction step is proposed which
includes the oxygen atoms. Likely, this step is the detachment
or fragmentation of the ester moiety.”” The decrease of about
25% of the oxygen coverage in comparison to the initial PENBD
(note that for the carbon region an according increase is
detected, see above) is attributed to different attenuation and
diffraction conditions depending on the adsorption geometry
of the newly formed species.®” Starting at 280 K, a new peak
emerges at 531.0 eV (Figure 6d, green), which fits to literature
values of CO on Ni(111) in bridge position.?® Simultaneously,
the majority of the O 1s signal vanishes leaving only 16 % of the
previous surface coverage (Figure 5d), in very good agreement
with the corresponding C 1s experiment (13 % of total intensity
remaining, see above).

Conclusion

We have investigated the surface chemistry of 2-carbethoxy-3-
phenyl-norbornadiene/quadricyclane (PENBD/PEQC) on Pt(111)
and Ni(111) by synchrotron radiation-based HR-XPS measure-
ments. The adsorption of the two valence isomers and their
thermal evolution was monitored in temperature-programmed
experiments. For both surfaces, a spectroscopic distinction
between the energy-rich PEQC and its energy-lean counterpart
PENBD was possible upon exposure at temperatures between 115
and 125K. On Pt(111), no “side-on” geometry is found for the
molecule pair, as we observed no signs of the detachment of a
hydrogen atom from the bridgehead methyl group. On Ni(111),
the very distinct spectral appearance of PEQC and PENBD in the C
1s and O 1s regions indicates different adsorption motifs. Whereas
PEQC is expected to bind by the QC framework and phenyl
moiety, PENBD is adsorbed weaker in an “oxygen-bound” fashion,
with the ester group likely oriented towards the surface.

Reaction pathways for both valence isomers on the two
surfaces (Scheme 1) are proposed based on a quantitative
evaluation of the corresponding TPXPS experiments. For Pt(111) as
model catalyst surface, the onset of the cycloreversion reaction of
PEQC to PENBD is found at 140 K, with the conversion complete
at 230 K. Decomposition of PENBD occurs only at 300 K, when
decomposition products assigned to CO and C—H fragments
emerge on the surface. Notably, PENBD on Pt(111) is much more
stable than unsubstituted NBD, which decomposes even at 190 K.
The back reaction of PEQC to PENBD cannot be triggered
thermally on Ni(111). Instead, individual decomposition routes
begin at 160 and 180 K. Interestingly, for PENBD on Ni(111), about
90% of the surface species desorbs above 300 K; this is explained
by the “oxygen-bound” adsorption geometry, which only allows
for a weak surface interaction. Minor contributions from CO and
C—H fragments remain on the surface. For PEQC, when heating
higher than 180K, atomic oxygen is observed next to these
decomposition products.

Thus, we have demonstrated the dependence of the reactivity
of derivatized NBD/QC species on the catalyst surface used. On
Pt(111), the successfully monitored cycloreversion reaction of
PEQC to PENBD fulfills the most important requirement of a MOST
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Scheme 1. Top: Proposed reaction pathway of PEQC on Pt(111). The cycloreversion reaction to PENBD occurs between 140 and 230 K with subsequent
decomposition into C—H fragments and CO when the mixture is heated at >300 K. Bottom: On Ni(111). There is no conversion of PEQC to PENBD, but
individual decomposition steps begin at 160 and 180 K; there is pronounced desorption of PENBD above 300 K, and further fragmentation above 270 K for

PEQC.

system; the experiments on Ni(111) provided insights into stability
boundaries and desorption behavior of the derivatives, which is of
interest for heterogeneously catalyzed processes to ensure a fully
reversible energy storage cycle.

Experimental Section

X-ray photoelectron spectroscopy (XPS): All experiments were carried
out in a transportable ultra-high-vacuum (UHV) apparatus; the setup is
described in detail elsewhere® The analysis chamber houses a
hemispherical electron analyzer (Omicron EA 125U7 HR), and an
evaporator for organic compounds. Surface cleaning and preparation
is conducted in a separate preparation chamber, which includes,
among other typical surface science tools, a sputter gun and LEED
optics. The XPS measurements were performed using synchrotron
radiation at BESSY Il of Helmholtz-Zentrum Berlin, at beamlines UE56/
2-PGM1 and -PGM2. The light incidence angle was 50°, and the
spectra were acquired at normal emission. With an excitation energy
of 380 eV for the C 1s and 650 eV for the O 1s region, total energy
resolutions of 180 and 250 meV were achieved, respectively.

Prior to each adsorption experiment, the Pt(111) and Ni(111) single
crystals were checked for cleanness by XPS. lon bombardment (Ar,
E=1.0keV, Is~2 pA) was used to remove impurities on the surfaces,
with subsequent annealing to 1200 K. Residual carbon contaminations
were removed by oxygen exposure at 800 K. 2-Carbethoxy-3-phenyl-
norbornadiene/quadricyclane were purified by freeze-pump-thaw
procedures. Deposition of both compounds onto the surface at
~120 K took place through their vapor pressure, with the exposure
given in Langmuir (1 L=107°Torrs). Coverages are denoted in ML
(1 ML equals one adsorbed atom per surface atom), as determined by
comparison to layers with well-defined coverage. These are the CO
c(4x2) superstructure on Pt(111)*** with a carbon coverage of
0.5 ML, and the closed graphene layer on Ni(111)®¥ with a carbon
coverage of 2 ML; the oxygen coverages are then calculated using the
stoichiometric factor of 1/8 in the molecular structure. Temperature-
programmed experiments®'*” were performed with a heating rate of
B=05Ks™" up to 550K, using a bifilar coiled filament behind the
crystal. To minimize beam damage, that is, X-ray induced reactions,

Chem. Eur. J. 2023, 29, €202203759 (9 of 10)

we shifted the sample to a new position after every recorded
spectrum. All XPS binding energies were referenced to the Fermi level,
and a linear background was subtracted from the XP spectra. The
quantitative analysis was performed by fitting the respective contribu-
tions in the XP spectra; the applied line shape is a convolution of
Doniach-Sunji¢“*” and Gaussian functions.

Molecule synthesis

2-Carbethoxy-3-phenyl-norbornadiene (PENBD): Ethyl-3-phenylpro-
piolate (5.55g, 31.9 mmol, 1equiv) and cyclopentadiene (freshly
cracked; 4.22 g, 63.8 mmol, 2 equiv.) were added to a pressure vial
and the reaction was heated to 170°C overnight, after degassing of
the reaction mixture with argon for 5 min. Subsequently, the crude
product was purified by fractionated vacuum distillation using a
Vigreux column (bp=123°C at 4.6x 102 mbar). PENBD was obtained
as a colorless oil (4.59 g, 19.1 mmol, 60%). 'H NMR (400 MHz, CDCl,,
25°C): 6=7.54-7.51 (m, 2H), 7.38-7.29 (m, 3H), 7.01-6.99 (m, TH),
6.94-6.92 (m, 1H), 4.14 (qd, J=6.8, 0.8 Hz, 2H), 4.08-4.06 (m, 1H), 3.87-
3.85 (m, TH), 2.26 (dt, J=6.4, 1.6 Hz, 1H), 2.06 (dt, J=6.8, 1.6 Hz, TH),
1.22 (t, J=7.1 Hz, 3H) ppm; see Figure S4.

2-Carbethoxy-3-phenyl-quadricyclane (PEQC): PENBD (300 mg,
1.25 mmol) was dissolved in deuterated chloroform and irradiated
with an UV-LED (Seoul Viosys, CUD1AF4D, 310 nm, 30 mW) overnight.
Afterwards, the solvent was removed, and the crude product was
purified by flash chromatography (hexane/EtOAc 9.5:0.5, v/v). PEQC
was obtained as a white solid (294 mg, 1.23 mmol, 98%). 'H NMR
(400 MHz, CDCl,, 25°C): 6 =7.29-7.23 (m, 4H), 7.20-7.14 (m, 1H), 3.97
(qd, J=7.2, 0.4 Hz, 2H), 2.56-2.53 (m, 1H), 2.45-2.42 (m, TH), 2.36 (dt,
J=11.6, 1.4 Hz, 1H), 2.23-2.21 (m, TH), 2.12 (dt, J=11.6, 1.4 Hz, TH),
1.72-1.69 (m, 1H), 1.03 (t, J=7.2 Hz, 3H) ppm; see Figure S5.
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Fit parameters for PENBD/PEQC on Pt(111)

Table 1: Used fit parameters for quantitative evaluation of respective molecule

Molecule Core level Peak # Binding Gaussian Lorentzian Asymmetry
Energy /eV  width/eV width / eV factor
PEQC C1ls 1 283.7 0.46 0.10 0.05
2 284.2 0.48 0.10 0.05
3 284.7 0.72 0.10 0.05
4 286.0 0.57 0.10 0.05
O 1s 1 531.4 1.24 0.10 0.00
2 532.8 1.24 0.10 0.00
H,O 532.2 1.08 0.10 0.10
PENBD Cls 1 283.9 0.65 0.10 0.05
2 284.4 0.50 0.10 0.05
3 284.9 0.50 0.10 0.05
4 285.9 0.50 0.10 0.05
O 1s 1 531.4 1.24 0.10 0.00
2 532.8 1.24 0.10 0.00
H,O 532.2 1.08 0.10 0.10

Fit parameters for PENBD/PEQC on Ni(111)

Table 2: Used fit parameters for quantitative evaluation of respective molecule

Molecule Core level Peak # Binding Gaussian Lorentzian Asymmetry

Energy /eV  width/eV  width/eV factor

PEQC C1ls 1 284.3 0.76 0.10 0.04
2 284.8 0.55 0.10 0.04

3 285.3 0.56 0.10 0.04

4 286.1 0.67 0.10 0.04

O1s 1 531.7 0.87 0.20 0.00

2 533.3 1.50 0.20 0.00

H,O 58EHl 1.20 0.10 0.12

PENBD Cls 1 284.5 0.42 0.10 0.06
2 285.0 0.84 0.10 0.06

3 286.1 0.47 0.10 0.06

4 286.5 0.50 0.10 0.06

carbide 283.2 0.56 0.09 0.14

O1s 1 531.5 1.23 0.10 0.12

2 532.7 0.79 0.10 0.12

3 533.3 1.23 0.10 0.12

H,O 533.1 1.20 0.10 0.12

2
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PENBD/PEQC on Pt(111) - O 1s region
We investigated the adsorption and thermal evolution of the molecular pair PEQC and PENBD

on Pt(111) also in the O 1s region (see Table 2 for parameters). Figure Sla depicts the spectra
during adsorption of PEQC at 125 K; an exposure of 3.3 L yielded a carbon coverage of
0.29 ML (red spectrum), which is comparable to the amount in the C 1s experiment. Due to the
smaller stoichiometric number of oxygen atoms and a low cross section, the acquired O 1s are
broader with a lower signal-to-noise ratio, compared to the C 1s results. The two peaks at 531.4
and 532.8 eV, with almost identical heights, are assigned to the two chemically different
oxygen atoms within the ester moiety of the molecular framework.[! Moreover, a significant
amount of water is coadsorbed on the surface contributing at 532.2 eV (Figure Slc, turquoise),

which is in accordance to literature.ll

(b) PEQC on Pt(111) 01s| |(c) PEQC on Pt(111) 01s| |(d) PENBD on Pt(111) O 1s| [(e) PENBD on Pt(111) o1s

TPXPS hv=650eV| ||T=345K T=340K TPXPS hv =650 eV
mmf\/% Carbon monoxide Carbon monoxide WWW
395 K y f | | %WMM
m\’*‘m MMU ; Wt/ W t‘w.[\qm
mwf”% | M1 %MWW‘VW
mmw v T %MMN

| ﬁiﬁww

200 K

Intensity [arb. u.]
~
§§
2

RMITINE bl l
IR 11 Y A1)
o O1s

T=125K

+ —+ + + PEQC
(a) Adsorption (125 K) O1s H,0

T T T T T T T T T T T T T T
538 536 534 532 530 528 536 534 532 530 528 536 534 532 530 528 536 534 532 530 528
Binding Energy [eV] Binding Energy [eV] Binding Energy [eV] Binding Energy [eV]

Figure S1: O 1s spectra of (a) PEQC and (f) PENBD upon adsorption at 125 K on Pt(111). Coadsorbed water
overlaps with the molecular contributions to the line shape; a distinction of both molecules is not possible. The
thermal evolution during temperature-programmed XPS (TPXPS) experiments is shown for selected spectra
(averaged over three measurements) of (b) PEQC and (e) PENBD as waterfall plots; (c, d) representative spectra
(averaged over three measurements) are highlighted in color.

The spectra collected during adsorption of PENBD are shown in Figure S1f; here, an
exposure of 4.0 L led to a coverage of 0.49 ML (blue spectrum). The peaks next to the water

contribution at 532.2 eV are fitted with the same fitting parameter as for PEQC. The spectral
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distinction of the two valence isomers in the O 1s region is expected to be less pronounced, as
the structural differences only affect carbon atoms, which are remote from the oxygen atoms.
Moreover, the overlapping water signal and the rather poor signal-to-noise ratio make a
differentiation of PEQC and PENBD in the O 1s region not possible.

The waterfall plots of the TPXPS experiments for PEQC and PENBD are given in
Figure S1b and Sle, respectively. Each spectrum is averaged over three measurements to
increase the statistics. Figure S1c and S1d shows representative color-coded fits at selected
temperatures. Heating to temperatures higher than 155 K leads to the desorption of water from
Pt(111),[ so that at 190 K only signals of PEQC and PENBD remain. Upon further heating,
no changes of the line shapes are monitored indicating no fragmentation of the ester group.
Above 300 K, for both molecules, two signals emerge at 531.1 and 532.8 eV with slightly
narrower widths (Figure S1c and S1d, green). This temperature range coincides with the
decomposition onset observed in the C 1s experiments. Likewise, the signals are assigned to

the evolution of carbon monoxide occupying bridge and on-top sites on the platinum surface.!
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Density plots of PENBD/PEQC on Pt(111)

a)
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(¢]
~

Temperature [K]
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Figure S2: Representation of all recorded XP spectra as color-coded density plots during adsorption at 125 K and
temperature-programmed experiments on Pt(111): a) PEQC in the C 1s region, b) PENBD in the C 1s region,
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Density plots of PENBD/PEQC on

Ni(111)
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Figure S3: Representation of all recorded XP spectra as color-coded density plots during adsorption at ~120 K
and temperature-programmed experiments on Ni(111): a) PEQC in the C 1s region, b) PENBD in the C 1s region,
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NMR spectrum of PENBD
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Figure S4:'H NMR spectrum (400 MHz, CDCls, 25 °C) of PENBD.
NMR spectrum of PEQC
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Figure S5: *H NMR spectrum (400 MHz, CDCls, 25 °C) of PEQC.
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(MOST) System: A Combined Liquid-Phase and Surface

Science Study

Roman Eschenbacher® Felix Hemauer*,” Evanie Franz,” Andreas Leng,"
Valentin Schwaab,” Natalie J. Waleska-Wellnhofer,” Eva Marie Freiberger,” Lukas Fromm,

Tao Xu,® Andreas Gorling,” Andreas Hirsch,' Hans-Peter Steinriick,™ Christian Papp,

Olaf Brummel,*® and Jérg Libuda®

Molecular solar thermal systems (MOSTs) are molecular systems
based on couples of photoisomers (photoswitches), which
combine solar energy conversion, storage, and release. In this
work, we address the catalytically triggered energy release in
the promising MOST couple phenylethylesternorbornadiene/
quadricyclane (PENBD/PEQC) on a Au(111) surface in a
combined liquid-phase and surface science study. We inves-
tigated the system by photoelectrochemical infrared reflection
absorption spectroscopy (PEC-IRRAS) in the liquid phase,
conventional IRRAS and synchrotron radiation photoelectron
spectroscopy (SRPES) in ultra-high vacuum (UHV). Au(111) is
highly active towards catalytically triggered energy release. In
the liquid phase, we did not observe any decomposition of the
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photoswitch, no deactivation of the catalyst within 100 con-
version cycles and we could tune the energy release rate of the
heterogeneously catalyzed process by applying an external
potential. In UHV, submonolayers of PEQC on Au(111) are back-
converted to PENBD instantaneously, even at 110 K. Multilayers
of PEQC are stable up to ~220 K. Above this temperature, the
intrinsic mobility of the film is high enough that PEQC
molecules come into direct contact with the Au(111) surface,
which catalyzes the back-conversion. We suggest that this
process occurs via a singlet-triplet mechanism induced by
electronic coupling between the PEQC molecules and the
Au(111) surface.

Introduction

Besides the established technologies to harvest and store solar
energy, such as photovoltaics, batteries, or power-to-X tech-
nologies, there are also very simple molecular approaches.
One example are molecular solar thermal systems (MOSTs),
which combine solar energy conversion, storage, and release
using switchable photoisomers (photoswitches)."™ In this
approach, an energy-lean isomer is converted photochemically
in a one-photon one-molecule process into its metastable
energy-rich isomer. In this way, the solar energy is stored
chemically. The stored energy can be released as thermal
energy when an appropriate trigger is applied. Different
classes of photoswitches may serve as MOSTs, e.g., the E/Z-
azobenzene couple (E/Z-AZ0),*'" the dihydroazulene/vinyl-
heptafulvene couple (DHA/VHF),">' and the azaborine/BN-
dewar couple (AB/ABD)."® One of the most studied MOST
systems, is the norbornadiene/quadricyclane pair (NBD/
QQ).*'*? The pristine NBD/QC couple reaches an energy
density of 100 kJ-mol™" (1 MJ-kg™"),"" which is similar to state-
of-the-art Li-ion batteries. However, NBD absorbs light only in
a very small spectral region (below 300 nm)* of the solar
spectrum (100 nm to 1 mm),?" which limits its applicability. To
overcome this issue, researchers developed a variety of differ-
ent NBD/QC derivatives with additional push-pull ligands,
which shift the absorption maximum to the red and enable a
better match with the solar spectrum.?*%
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One aspect, which is equally important, but received less
attention so far, is the controlled energy release in MOST
systems.”” The most promising approaches to trigger the
energy release are by a heterogeneous catalyst®** or by a
electrochemical process.®**=% |n a recent study, we combined
the advantages of both approaches. For a specific NBD/QC
couple, we demonstrated that the catalytic activity of Au(111)
is very high (exceeding the activity of Pt(111) by a factor of
200 in the liquid phase). In addition, we showed that the
catalytic activity can be tuned by an externally applied
potential. Here, it is important to note that the reaction was
always triggered by a catalytic process and not by an electro-
chemical reaction.® In stability tests, the system remained
operational over 1000 conversion cycles without any side
product formation detected. Moreover, the observed loss in
catalytic activity was less than 0.1% per cycle demonstrating
the outstanding catalytic properties of Au(111).°* For this
study, the phenylethylester-substituted molecule pair PENBD/
PEQC was chosen due to its promising properties concerning
applicability as MOST system. The characterization after syn-
thesis revealed not only a distinct redshift of the absorption
onset of the NBD derivative to 359 nm with a reasonable
quantum yield (®,,=71% without photosensitizer)** but
also a very pronounced thermal stability of the PEQC isomer
(half-life of 450 days at room temperature). In addition, these
isomers provide a high energy storage capacity of
367.5 kJkg "% Moreover, the surface chemistry of both
PENBD and PEQC has already been investigated by synchro-
tron radiation-based XPS on different catalyst surfaces, namely
Pt(111) and Ni(111).57 In addition, the electrocatalytically
triggered energy release of PEQC on HOPG was observed in
PEC-IRRAS experiments before.?” Yet, the catalytic activity
and/or selectivity of the energy-releasing cycloreversion reac-
tion was not ideal on the catalyst materials considered
previously. Therefore, we investigate the PENBD/PEQC system
on gold surfaces in the present study.?**® We apply a multi-
method approach combining surface science techniques
(IRRAS, SRPES) for a mechanistic understanding and liquid-
phase experiments (PEC-IRRAS) to assess the performance and
cyclability under realistic conditions. To gain a deeper
mechanistic understanding of the catalytic processes, surface
science studies in ultra-high vacuum (UHV) are required.? In
the field of MOSTs, surface science studies demonstrated that
the back-conversion reaction strongly depends on the catalyst
surface. Moreover, these studies provided a detailed picture of
the adsorption behavior, rearrangement steps, the stability
limits, and decomposition pathways.*’?%4* On Ni(111),
pristine QC is stable in the submonolayer up to temperatures
of ~175 K, functionalized QC was found to be stable even
up to 260 K.*? In contrast, Pt(111) and Au(111) are much more
reactive.""337%1 |n direct contact with these surfaces, sub-
monolayers of QC derivatives convert back even at ~100 K.®¥
QC derivatives can only be stabilized in form of frozen
multilayer films. It was proposed that the energy release on
Au(111) is triggered by electronic coupling via a singlet-triplet
mechanism. The gold substrate mediates an intersystem
crossing between the singlets (Sy;) and triplets (T,) in the

ChemPhotoChem 2024, 8, 202300155 (2 of 14)

relaxation process resulting into minimized activation barriers;
the mixing of quantum states of gold and molecular states
enhances the isomerization rate drastically and reduces the
direct chemical involvement of the surface.”” For a NBD
derivative with a TOTA anchoring platform on Au(111), we
already suggested that the energy release occurs only if there
is a direct electronic coupling to the gold.®®

To finally prove the role of the electronic coupling in a
liquid system, it is necessary to study the same NBD derivative
in both environments, i.e., in the liquid phase under electro-
chemical control and in UHV. Herein, we present the results of
such work.

Experimental

Synthesis

Phenylethylesternorbornadiene (PENBD): Freshly cracked cyclo-
pentadiene (63.8 mmol, 422 g, 2 eq.) and ethyl-3-phenylpropio-
late (31.9 mmol, 5559, 1eq.) were degassed with argon and
heated to 180°C overnight in a pressure vial. Afterwards, the
mixture was purified via fractionated vacuum distillation using a
Vigreux column (bp=123°C at 4.6x10 >mbar) yielding the
desired product as colorless oil, which solidified while storing in
the freezer (—20°C).

Yield: 4.59 g, 19.1 mmol, 60 %.

Phenylethylesterquadricyclane (PEQC): For preparative photoiso-
merization, PENBD (300 mg, 1.25 mmol) was dissolved in CDCl,
and irradiated in a quartz glass cuvette overnight, using a UV-LED
(Seoul Viosys, CUD1AF4D, 310 nm, 30 mW). Subsequently, the
crude product was purified via flash chromatography (hexane :
EtOAc, 9.5 : 0.5) to obtain the title compound (294 mg, 1.23 mmol,
98 %).

The UV/Vis spectra of both molecules were recorded on a J-815
CD spectropolarimeter from JASCO at 21°C in acetonitrile (HPLC
grade) and are provided in Figure 1. For further details on the
syntheses we refer to literature.”

Liquid-phase experiments

Cleaning of the equipment: All PTFE and glassware was stored in a
solution of NOCHROMIX® (Sigma Aldrich) and concentrated
sulfuric acid (Merck, Emsure, 98%) overnight. Prior to the
measurement, the equipment was rinsed 5 times with ultra-pure
water (MilliQ Synergy UV, 18.2 MQcm at 298 K, TOC <5 ppb) and
boiled 3 times in Milli-Q water for at least 25 min. Finally, the
equipment was dried in an evacuated desiccator overnight.

Photoelectrochemical infrared reflection absorption spectroscopy
(PEC-IRRAS): All PEC-IRRA spectra were recorded using a vacuum-
based Fourier-transform infrared (FT-IR) spectrometer (Bruker,
Vertex 80v) with evacuated optics and a liquid nitrogen-cooled
mercury cadmium telluride (MCT) detector. We used a scanner
velocity of 240 kHz and a resolution of 8 cm™ leading to an
acquisition time of 0.5 s per spectrum. The setup was equipped
with a UV-LED (Seoul Viosys, CUD1AF4D, 310 nm, 30 mW) under-
neath a CaF, hemisphere (Korth, d=25 mm), which served as IR
and UV-transparent window. The detector was protected by a
KRS-5 filter. For details on the PEC-IRRAS setup we refer to our
previous work.“¥

© 2023 The Authors. ChemPhotoChem published by Wiley-VCH GmbH
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Figure 1. Schematic representation of the investigated system: a) Reaction scheme of the photochemical conversion and catalytically triggered back-
conversion of PENBD/QC using Au(111) as catalyst; b) UV/Vis spectra of comparable concentrations of PENBD and PEQC; c) Overview of the different methods
used in this study: SRPES (synchrotron radiation photoelectron spectroscopy), IR spectroscopy (infrared spectroscopy), PVD (physical vapor deposition) source,

and UHV (ultra-high vacuum).

We cleaned the Au(111) single crystal (MaTeck, 99.999%, d=
10 mm, roughness <10 nm, accuracy <0.1°) in a freshly prepared
piranha acid solution (H,SO,(conc.) : H,0,(30%), 2:1). Afterwards,
we rinsed the crystal thoroughly with ultrapure water (MilliQ
synergy UV, 18.2 MQcm at 25°C, <5 ppb TOC) and annealed the
crystal in the flame of a Bunsen burner at orange glow for
3 min®! We measured PEC-IRRA spectra in reflectance mode
using a thin-layer configuration. In all experiments, we used a
solution of 10 mM PENBD with 0.1 M tetrabutylammoniumper-
chlorate (TBAP) (Sigma Aldrich, 99.0%) as supporting electrolyte in
acetonitrile (MeCN) (Sigma-Aldrich, 99.999%). Potential control
was provided by a commercial potentiostat (Gamry, Reference
[600]) using a three-electrode configuration with a graphite rod as
counter electrode and an Ag/Ag™ electrode (0.01 M AgNO; with
0.1 M TBAP in MeCN) as reference electrode (RE). The calibration
of the RE was performed in an external cell versus the cyclic
voltammogram of ferrocene (Alfa Aesar, 99.5%). Note that in this
work all potentials are referred to the redox potential of the
ferrocene couple (V).

Surface science experiments

IRRAS experiment: The sample cleaning and all IRRAS experiments
were performed in an UHV setup with two sub-chambers and a
base pressure of 1.0x107'° mbar. The first sub-chamber is mainly

ChemPhotoChem 2024, 8, 202300155 (3 of 14)

used for sample preparation and consists of an ion gun (Specs IQE
11/35), electron beam evaporators (Focus EFM3), a LEED optics
(Specs ErLEED 150), a quartz crystal microbalance (QCM, Inficon
SQM-160), a gas dosing system, and a quadrupole mass
spectrometer (QMS, Blazers Quadstar 422). The second measuring
sub-chamber is equipped with multiple home-built Knudsen-cells,
a QMS (Hiden Analytical Hal 3F), and a programmable effusive
beam. IR spectra were measured with a vacuum Fourier-transform
infrared (FTIR) spectrometer (Bruker VERTEX 80v) together with a
liquid nitrogen-cooled mercury cadmium telluride (MCT) detector.

Sample preparation: The Au(111) single crystal (MaTeck) was
cleaned with Ar" sputtering (Ar, Linde, >99.9999%; 1.2 keV,
8x10° mbar, 60 min) and annealing (823 K in UHV; 10 min). LEED
was used in order to check the structure of the sample.

PVD of PENBD: PENBD was evaporated from a glass reservoir. Prior
deposition, the reservoir was evacuated via a rough pump. This
reservoir is separated via a Swagelok valve from a home-built
Knudsen cell, which is pumped by a separate high vacuum line.
We monitored the uptake via IR spectra (rate of 1 min-spectrum™,
spectral resolution of 4 cm™). Each spectrum was referenced to
the clean surface recorded before the deposition. The growth rate
was adjusted via the pressure in the chamber (~4.5x10°® mbar).

Temperature programmed-IRRAS (TP-IRRAS or TP-IRAS): We
carried out the TP-IRRAS experiment by heating the sample with a

© 2023 The Authors. ChemPhotoChem published by Wiley-VCH GmbH
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linear heating ramp (2 K-min~') while recording IRRA spectra
(1 min-spectrum™') simultaneously. The dampening of IR signals at
higher temperatures was adjusted using a procedure by T. Xu et
al.* Absolute spectra are obtained by using the last IRRA
spectrum (measuring time of 10 minutes) at the end of the
heating ramp of 700 K as a reference. The relative TP-IRRAS plot
(n=ny/n;;) was obtained by dividing each spectrum (n) by the
previous spectrum (n,.,).

Photochemical conversion in UHV: All photochemical experiments
were performed in UHV using a home-built UV-source.””” We used
a high-power LED (Seoul Viosys, CUD1AF4D) with a peak wave-
length of 310 nm and a typical forward voltage of 5.5V. Power
was supplied externally (PEAKTECH 6210) and we triggered the
LED by a TTL signal from the spectrometer (Bruker OPUS 7.2).

Synchrotron radiation photoelectron spectroscopy (SRPES): The
synchrotron radiation-based X-ray photoelectron spectroscopy
experiments were conducted at beamline U49/2-PGM 1 of BESSY Il
(Helmholtz-Zentrum Berlin)“® during multi-bunch top-up mode.
All data were measured with a transportable ultra-high vacuum
(UHV) apparatus, which is discussed in detail elsewhere.” The
preparation of the sample was done in a dedicated chamber with
typical surface science tools, such as a sputter gun, LEED optics,
an electron beam evaporator, and a quartz crystal microbalance.
The analysis chamber, separated by a gate valve, houses a
quadrupole mass spectrometer, a hemispherical electron analyzer,
and a directly attached evaporator for organic substances. XP
spectra were recorded in normal emission (0°), and the angle of
the incident light was 50°. The excitation energy of the photons
was set to 380 and 650 eV, for probing the C 1s and O 1s regions,
respectively, yielding resolutions of 150 meV (C 1s) and 250 meV
(O 1s). All spectra were referenced to the Fermi level. For
quantification, a linear background was subtracted and the signals
were fitted with peaks consisting of a convolution of Gaussian and
Doniach-Sunji¢ functions.®” Coverages were calibrated by com-
parison with a saturated CO c(4 x 2) superstructure on Pt(111),5"
which equals 6.=0.5 ML (that is, one carbon atom per every
second surface atom).

As substrate for the SRPES measurements, we used a thin Au film
deposited on a Pt(111) crystal; specifically, we evaporated a layer
of 30 A gold and annealed subsequently at 770 K for 10 min.>%
Gold deposition was calibrated with the built-in QCM. The Pt(111)
crystal was cleaned by ion bombardment (Ar*, E=1.0 keV, I,~8 pA)
and annealed to 1200 K. Carbon contaminations were removed by
exposure to oxygen at 850 K. The organic substances were
purified with freeze-pump-thaw cycles and exposed to the surface
at 110K by their vapor pressure; the exposure is given in
Langmuir (1L=10"°Torrs). Temperature-programmed
experiments®>*® up to 550 K were performed with a heating rate
of 0.5K-s™', utilizing a bifilar coiled filament behind the crystal.
The sample was moved to a different position for every new
spectrum to avoid beam damage effects by the intense X-ray
radiation.

Results and Discussion

In Figure 1a, we depict the investigated MOST system phenyl-
ethylesternorbornadiene (PENBD) and its metastable QC
derivative (PEQC). Upon irradiation, PENBD converted to the
strained PEQC, thus storing part of the energy of the photon.
We triggered the thermal energy release using Au(111) as
heterogeneous catalyst. The experimental methods used in
this study are illustrated in Figure 1b. We investigated the

ChemPhotoChem 2024, 8, 202300155 (4 of 14)

reaction kinetics, the reversibility, and the potential depend-
ence of the energy-release reaction in the liquid phase by PEC-
IRRAS. To obtain additional insights into the mechanism of
back-conversion and desorption, we studied the behavior of
submonolayers and multilayers of PENBD and PEQC by TP-
SRPES and TP-IRRAS in UHV.

In Figure 2a and b, we show the IR spectra of PENBD and
PEQC from gas-phase DFT calculations (top),** measurements
in transmission mode at ambient pressure (middle)®” and the
multilayer IRRA spectra in UHV (bottom). We summarize the
assignment of the IR bands in Table1 and Table2. We

Table 1. IR band positions of PENBD in transmission spectra (ambient
pressure) and multilayer spectra (UHV), and assignment to vibrational
modes.

Assignment Wavenumber [cm™']
DFT Transmission IRRAS
IR
V(C—H)s 5 phenyl 3125+3116 2982 2983
V(C—H)ss ester 3055 2937 2940
V(C—H)q egter + nep 2974 2870 2869
V(C=0), ester 16837 1693 1703
V(C—C)y prenyi 1592 415639 1595+ 1558 1595
+3(C—C)ygp + 1558
V(C—C), phenyt 14787 1492 1493
3(C—O)go 1276 4 1200% 1295+ 1236 1296
+113194-1088  +1181 +1242
+1059 +1100 +1191
+1074 +1103
+1076
V(C—C—O)gyer 1029 1022 1035
3(C—Cpnenyi 752+709 762+719 766+ 723
+8(C—C)nao +678 +696 +696

[a] Published in Ref. [34].

Table 2. IR band positions of PEQC in transmission spectra (ambient
pressure) and multilayer spectra (UHV), and assignment to vibrational
modes.

Assignment Wavenumber [cm™']
DFT Transmission IRRAS
IR
V(C—H)s 5 phenyt 3125+3110 2987 2976
V(C—H).s gster 3055 2929 +2945 2933
VICH); ester 2973 2857 2862
V(C=0) 45 ester 17119 1692 1716
V(C—C) g5 phenyi 1601° 1602 1604
V(C—C) s penyi 1490% 1445 1446
VIC—C) s ester 1379%+1361% 1409+1377 1408+ 1381
8(C—C)oc 128241208 129741236 130441238
+11539 41091 +1187 +1113
+1025 +1122 +1051
+1024 +968
3(C—Cphenyi 899+ 849 8114757 8104760
+8(C—C)gc +743 +702 +697

[a] Published in Ref. [34].
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Figure 2. DFT calculated gas-phase IR, transmission IR in bulk solution, and multilayer IRRAS of a) PENBD and b) PEQC; c) Characteristic spectral region (1750
to 1550 cm™") before and after UV irradiation (128 scans (liquid phase), 256 s (UHV); see experimental) in identical order: DFT gas-phase spectra of PENBD
(green spectrum with blue underlay) to PEQC (black spectrum with red underlay) as reference spectra (top); transmission IR spectra of PENBD/PEQC in KBr
(middle) and IRRA multilayer spectra on Au(111) at 110 K (bottom). Significant bands are labelled. DFT and transmission IR spectra are adapted with
permission from Ref. [34] under terms of the CC-BY 4.0 license. Copyright (2022), the Authors, published by Wiley-VCH.

observed a good agreement between the calculated IR
spectra, the transmission spectra under ambient conditions,
and the multilayer spectra in UHV. This demonstrated that
PENBD can be deposited by PVD without decomposition. The
complete disappearance of the bands at 1614 and 1596 cm™',
specific for PENBD, as well as the appearance of the band at
1604 cm ™, specific for PEQC, after irradiation in UHV indicated
that PENBD can be photochemically converted to PEQC in a
quantitative manner even under surface science conditions.

ChemPhotoChem 2024, 8, 202300155 (5 of 14)

PEC-IRRAS in liquid phase

We studied the photochemical conversion and the catalytically
triggered back-conversion of PENBD/PEQC on Au(111) in the
liquid phase in situ by PEC-IRRAS (see Figure 3a). During the
reaction, we applied a potential of —0.7V, to the Au
electrode. Note that we could tune the reaction rate by the
applied potential as demonstrated in our previous work.” The
corresponding spectra at open circuit potential (OCP) are
provided in the Supporting Information (see Figure SI 1). We

© 2023 The Authors. ChemPhotoChem published by Wiley-VCH GmbH
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Figure 3. Photochemical conversion and catalytically triggered back-conversion

of the PENBD/PEQC system in the liquid phase; a) Schematic representation of

the energy storage and release; b) Experimental procedure; c) Transmission spectra of PENBD and PEQC and selected spectra before, during, and after
irradiation measured during the in situ experiment; d) Peak intensity of the v(CO) band of PENBD and PEQC during irradiation and catalytically triggered back-
conversion; all spectra were acquired with 10 mM PENBD in 0.1 M Bu,NCIO, in MeCN at —0.7 V..

measured PEC-IRRA spectra in thin-layer configuration using a
spacer of 25 um thickness. In this thin-layer configuration, the
reactant exchange between the thin layer and the bulk
solution is suppressed.®” In previous work, we demonstrated
that with this setup NBD diffusion from the thin layer to the
bulk solution takes ~260 min. As a light source we used a UV-
LED with Ay, =310 nm (30 mW). A scheme of the experimen-
tal procedure is shown in Figure 3b. First, a reference spectrum
and one additional spectrum were recorded before irradiation.

ChemPhotoChem 2024, 8, 202300155 (6 of 14)

Next, IR spectra (acquisition time =0.5 s) were recorded during
and after the irradiation (300 s per cycle). Figure 3c upper part
shows the transmission reference spectra of PENBD (blue) and
PEQC (red). For the most intense band around 1700 cm™’, the
v(CO) stretching vibration, conversion led to a band shift
which gave rise to a s-shaped band in the difference spectra.
We used the v(CO) band as a spectroscopic marker to follow
the conversion and back-conversion. In the bottom part of
Figure 3c, we show three selected PEC-IRRA spectra. One

© 2023 The Authors. ChemPhotoChem published by Wiley-VCH GmbH
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before irradiation, one during irradiation, and one after the
LED was switched off. Before irradiation, we did not observe
any bands of PENBD or PEQC in the difference spectra,
indicating stable conditions. Note that small bands at 1450
and 2250 cm™' belong to the solvent acetonitrile®® and
indicated minimal changes of the layer thickness. During
irradiation, we observed positive features for PENBD at
1690 cm™  (v(CO)), 1492cm™  (3(CH)pheny)r  1332cm™’
(3(CH)pheny)), and 1243 cm™ (8(CH)ygp). For PEQC, we observed
negative bands at 1714cm™" (v(CO)), 1604 cm™" (V(CC)ppeny),
1505 cm ™" (8(CH)pheny)s and 1306 cm ™' (V(CC)qc, ester)- Note that
all spectra are difference spectra referred to the spectrum
before irradiation. Therefore, positive bands (pointing up-
wards) indicate consumed species, while negative bands
(pointing downwards) indicate formed species. The bands
demonstrate the conversion of PENBD to PEQC upon irradi-
ation. After irradiation, all bands vanished showing that all
PEQC is back-converted to PENBD. In addition, we did not
observe any other bands, which would indicate the formation
of a side product. For a more detailed analysis, we will focus
on the most intense bands, i.e., the v(CO) bands. The intensity
of these bands is plotted in Figure 3d. Upon irradiation, the
intensity of both peaks increased very quickly and reached a
plateau after ~50s (t,,,=7.5s). After the LED is switched off,
the intensity rapidly decreased and vanished completely after
~150s (t;,=17s). The increase in peak intensity during
irradiation indicated photoconversion of PENBD to PEQC. As
the Au(111) surface is present during irradiation, PEQC was
continuously back-converted. After ~50s of irradiation, the
system reached steady state condition. After switching off the
LED, all PEQC was back-converted to PENBD. In previous work,
we determined the rate constant for the back-conversion of 2-
cyano-3-(3,4-dimethoxyphenyl)-NBD/QC on Au(111) to be
58x10°m-s™' at —0.7 V,.* As the half-life times of the
conversion and back-conversion are very similar to the ones in
the former study, we conclude that the reaction rate of the
back-conversion on Au(111) is similar for both systems.

In the next step, we tested the cyclability of the system.
We repeated the experiment described in Figure 3b for
100 times (Figure 4a). Note that we applied a potential of
—0.7 V¢ during the experiment. In Figure 4b and ¢, we depict
the v(CO) region recorded during the first and the last cycles
(cycle 1-3 and cycle 100-103) and the intensities of the v(CO)
bands for different cycles (spectra from 2500 to 1200 cm™' are
provided in Figure SI 2). Within the 100 storage cycles, PEQC
was always back-converted completely to PENBD. We did not
observe the formation of any side product. From this
observation, we conclude that the system is fully reversible
within the detection limits of our experiment. These results are
in agreement with our previous work on the catalytic back-
conversion of 2-cyano-3-(3,4-dimethoxyphenyl)-QC on Au-
(1 1 1)_[35]

Finally, we inspected the stability of the reaction system.
From our observation that the system is fully reversible, we
conclude that the kinetics of the photochemical conversion
are unaffected. Consequently, we can use the band intensity
in the steady state to analyze the changes of the back-

ChemPhotoChem 2024, 8, 202300155 (7 of 14)

conversion rate qualitatively. We observed that the peak
intensity is nearly constant over the 100 cycles and even
decreased slightly with increasing cycle number. From this
observation, we conclude that the catalytic activity remained
stable within the 100 conversion cycles. Notably, the activity
of the Au(111) surface was even increasing slightly with more
frequent cycling. We attribute this favorable effect to reductive
decomposition of impurities or poisoning species, which are
present in the beginning after sample preparation (the exact
nature cannot be determined on the basis of the present
experiments). In summary, our results demonstrate very high
catalytic activity and selectivity of Au(111) for energy release
in the PENBD/PEQC system in the liquid phase.

Monolayer conversion with SRPES in UHV

In the next step, we address the catalytic energy release by
surface science methods. We started with SRPES measure-
ments of PEQC and PENBD at submonolayer coverages to
obtain information on the activity of the compounds in direct
contact with the gold surface and their reaction pathways
upon heating. We followed the adsorption and thermal
evolution of the photoswitches in situ in the C 1s and O 1s
regions (see complete data sets in Figure SI 3 and Sl 4). The
catalyst surface was a gold film prepared by PVD and
subsequent annealing® on a Pt(111) single crystal (see
experimental section). This preparation led to a well-ordered
surface structure® with a behavior in photoemission experi-
ments identical to that of Au(111).*¥

Selected C 1s spectra are shown in Figure 5a. The red
spectrum was acquired after exposure of the gold surface to
PEQC at 110 K, yielding a total carbon coverage of 0.24 ML. In
Figure 5b, we provide the corresponding quantitative analysis
of the TP-SRPES experiment with PEQC, showing the carbon
coverage as a function of temperature.

Interestingly, there were no pronounced differences in the
spectral appearance when compared to PENBD (blue spectrum
in Figure 5a) after adsorption of comparable amounts
(0.32 ML) at 110K, indicating the existence of equivalent
surface species. The C 1s spectra of both PEQC and PENBD in
Figure 5a featured a relatively broad signal with a main
contribution at 284.3 eV and a distinct shoulder at 285.7 eV. In
addition, smaller peaks at ~287.8 eV were found in both
spectra. While the NBD/QC framework and phenyl moiety
without heteroatoms are expected to contribute to the main
signal at 284.3 eV, carbon atoms in vicinity to the oxygen
atoms of the ester group were likely to add intensity at higher
binding energies. Our observations suggest that the reaction
of PEQC to PENBD already took place immediately upon
adsorption. We attribute this spontaneous conversion at 110 K
to the high catalytic activity of the gold surface leading to an
instantaneous cycloreversion to PENBD. Therefore, no PEQC
was observed spectroscopically even at low temperatures.
Spectra of the O 1s region also confirmed the conversion (see
Figure SI 5). The direct reconversion of PEQC under cryogenic
temperatures is in agreement with previous experiments on

© 2023 The Authors. ChemPhotoChem published by Wiley-VCH GmbH
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Figure 4. Stability of the PENBD-PEQC/Au(111) system probed over 100 storage and release cycles (between steady state and total back-conversion); a)
Schematic presentation of the experimental procedure; b) Color plot of the v(CO) region of the IR spectra recorded during cycle 1-3 and 101-103; c) Band

intensity of v(CO) bands of PENBD (1690 cm™') and PEQC (1714 cm™") during

Au(111), where the NBD/QC derivative was assembled on the
Au(111) surface by means of a trioxatriangulene anchor
platform.®® We suggest that the reaction follows the same
singlet-triplet mechanism as originally proposed by Herges,
Magnussen, Tuczek, and co-workers for the catalytic back-
conversion of azobenzene-based MOST photoswitches on
Au(111).2" The intersystem crossing between singlet and
triplet states of the MOST molecules is mediated by the gold
surface and represents a reaction pathway that minimizes the
probability for uncontrolled side reactions. Figure SI 6

ChemPhotoChem 2024, 8, e202300155 (8 of 14)

cycle 1,21, 41, 61, 81, and 101.

schematically depicts the energy landscape of the reaction
system during the isomerization process.

In the following, we investigated the thermal evolution to
obtain a more detailed view on the reaction behavior of
PENBD. Starting at 135 K (see Figure S| 4 for details), a shift of
the main signal at 284.3 eV occurred by about 150 meV
towards higher binding energies. Simultaneously, the should-
ers at the higher binding got considerably less intense and
noticeably broader (light blue spectrum at 170 K in Figure 5a).
This most striking change concerns the carbon atoms

© 2023 The Authors. ChemPhotoChem published by Wiley-VCH GmbH
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Figure 5. Selected SRPE spectra and quantitative analysis of the PEQC experiment; a) C 1s spectra at representative temperatures. There is no spectral
distinction upon adsorption of PEQC and PENBD (rescaled) indicating an instantaneous cycloreversion reaction; rearrangement of PENBD occurs upon heating,
and desorption of PENBD proceeds up to 250 K, with minor residues remaining on the surface (promoted by defects in gold film); b) Carbon coverage in

monolayers upon thermal evolution.

influenced by the oxygen of the ester moiety, suggesting that
the substituent can adopt different adsorption configurations.
Since the spectral differences between 110 and 170 K were
small, we propose that the molecules rearranged to a more
stable adsorption geometry, as also observed for other NBD/
QC systems.’”*? While there was only a slight decline in
carbon coverage below 150K (less than 10%), a much more
pronounced decrease was found up to 210 K (see Figure 5b).
Beginning at 190K, the line shape was described by an
asymmetric peak at 284.3 eV (grey spectrum). This contribu-
tion is ascribed to carbonaceous fragments on the surface.
These decomposition products were the only detected surface
species above 250 K. The remaining coverage of ~0.05 ML,
after the desorption of intact PENBD, was about 20% of the
initial carbon amount. The obtained spectra at these temper-
atures match with literature values for carbide formation on
polycrystalline gold.® This fragmentation was likely promoted
by defects in the prepared gold films, as anticipated by theory
for under-coordinated sites on gold.””

ChemPhotoChem 2024, 8, 202300155 (9 of 14)

Our results demonstrate that the cycloreversion reaction
on Au(111) took place at submonolayer coverages even at
cryogenic temperatures of 110 K. Rearrangement of PENBD
started at ~135K, with the photoswitch adopting its most
favorable adsorption geometry. Heating to >250 K, all PENBD
has desorbed molecularly from the submonolayer, leaving
minor residues on the surface due to decomposition at defects
of the gold film.

Growth of mono and multilayer films of PENBD on Au(111)

The question remains, how the photoisomers behave at
multilayer coverage. To address this question, we investigated
the growth of PENBD films by IRRAS. We recorded time-
resolved IRRA spectra during deposition of PENBD on clean
Au(111) at 110K in UHV (see Figure 6). At submonolayer
coverage, the most prominent signal was the v(C—C—0)gq,
vibration at 1052 cm™' (Figure 6a and b). Note that only
components of the dynamic dipole moment perpendicular to

© 2023 The Authors. ChemPhotoChem published by Wiley-VCH GmbH
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Figure 6. a) In situ IRRA spectra measured during PVD of PENBD on Au(111) at 110 K. For clarity, only the first 50 spectra are shown; b) Zoomed in portion of
(a) at the v(C—C—0),, er band at low coverage; ¢) Integrated band intensity of selected vibrational modes plotted as a function of deposition time. The
integrated bands are 3(C—C)phenyi +(C—Clygp (739 to 798 cm ™), V(C—C—0)y gster (997 t0 1061 cm "), and v(C=0)y eseer (1637 to 1784 cm™"); d) Comparison of the
PENBD monolayer (scaled by 50 times) and the multilayer; e) Reorientation of PENBD in the (sub)monolayer.

the surface plane give rise to absorption due to the metal
surface selection rule (MSSR).®""*¥ Therefore, we conclude that
the ester group of this PENBD molecule adsorbed in an
upright-standing binding motif. With increasing coverage, the
V(C—C—O)gqe, Signal decreased in intensity and redshifted from
1052 to 1036 cm™' in the multilayer. This indicated change of
orientation on the Au(111) surface. In parallel, new bands
appeared close to the positions of the multilayer (see Table 1).
In addition, we observed changes in the relative band
intensities (see Figures 6¢ and d showing scaled spectra of the

ChemPhotoChem 2024, 8, e202300155 (10 of 14)
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monolayer at low coverage and of the multilayer). These
changes in intensity indicated a reorientation of the adsorbed
PENBD molecules (see Figure 6e). After the first 10 minutes, all
bands grew linearly suggesting a random orientation of the
adsorbing molecules in the multilayer.

© 2023 The Authors. ChemPhotoChem published by Wiley-VCH GmbH
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and studied its back-conversion upon heating by TP-IRRAS
(from 110 to 700 K). In the color plot in Figure 7a, we show the
multilayer spectra with a background spectrum measured after
desorption at 700 K. These spectra represent all species
present on the surface (denoted as ‘absolute spectra’). In the

spectra). Positive bands indicate a loss of band intensity, while
negative bands indicate a gain in band intensity.

From 110 to 150 K, we observed bands in the absolute
spectra at the positions of the multilayer spectrum of PEQC. In
this temperature range, the spectra did not change (no signals

TP-IRRAS - PEQC multilayer on Au(111)
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C) s Wavenumber [cm”] N “d)

700 TR 6% 6Ty b]
650

- 600

550
500
450
400
3s0
300
250
200

Temperature [K]

600--.1400_ 1200 1000 800
Wavenumber [em™]~.____

iy I e Ll AN
I\mk =0.3% rozem’ | 1C=Ohe; I\Rﬂt =0.3% 1604 cm’  \ISRECm
1750 1730 1710 1690 1670 1650 1650 1640 1630 1620 1610 1600 1590 1580 1570
‘Wavenumber [cm™] Wavenumber [cm”]
e)

(‘ ,w.ln.\ ) desorption

WP KB ;f‘f ( ;
° o 6% bt g o
R+ e %

300K
stable PEQC mobile PENBD
multilayer multilayer desorption

catalytic conversion to PENBD

Figure 7. a) TP-IRRAS of a PEQC multilayer from 110 to 700 K plotted as absolute spectra in a color plot (see experimental); b) TP-IRRAS of a PEQC multilayer
from 110 to 700 K plotted as relative spectra in a color plot (see experimental); ) Enlarged detail of the absolute spectra in the v(C=0),, region (1750 to
1650 cm™") from 220 to 260 K; d) Enlarged detail of the absolute spectra in the v(C—C)qcngp region (1650 to 1570 cm™'); e) Schematic model of the catalytic

back-conversion on the gold surface.
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in the differential spectra). From 150 to 224 K, we observed
changes in the band ratios (see differential spectra). From 224
to 232K, the band at 1716 cm™' vanished, and two new bands
appeared at 1702cm™' and 1684 cm~'. The latter band
became the dominant band at temperatures >232 K (see inset
in Figure 7¢). In the region around 1600 cm™', we observed
that the band at 1604 cm™' vanished between 224 and 232K,
while two new bands appeared at 1614 and 1596 cm™' (inset
7d). Above 250 K, these bands disappeared.

The changes of band ratios between 150 and 224 K
indicated a change of film morphology. The spectral changes
in the temperature range between 224 and 232 K suggested
that PEQC converts back to PENBD in a narrow temperature
range. We propose that in this temperature region, the
molecules in the film became mobile, so all PEQC species got
in direct contact with the gold surface and were back-
converted to PENBD. The loss of signal intensity above 232 K
was attributed to the desorption of the multilayer. Note that
the band at 1684 cm™' corresponds to the v(C=0) mode of a
molecule, which is in direct contact to the gold surface. Above
240 K, the PENBD monolayer started to desorb. We attribute
the lower desorption temperature in the SRPES experiments to
the different starting conditions (submonolayer coverage vs.
multilayer coverage). In Figure 7e, we schematically depict the
behavior at different temperatures. Up to 224 K, the multilayer
of PEQC was stable and only some rearrangements in the
frozen film took place. Between 224 and 232 K, the multilayer
film became so mobile that all PEQC molecules came in
contact with the Au(111) surface and were directly back-
converted to PENBD. Above 232 and 240 K, the multilayer and
monolayer desorbed, respectively.

Conclusions

In summary, we studied the mechanism and reversibility of
energy release from a norbornadiene-based molecular solar
thermal (MOST) system combining liquid-phase and surface
science experiments. Specifically, we studied the promising
MOST system phenylethylesternorbornadiene/quadricyclane
(PENBD/PEQC) on catalytically active Au(111) by photoelec-
trochemical infrared reflection absorption spectroscopy (PEC-
IRRAS) in the liquid phase (reaction kinetics and reversibility),
synchrotron radiation photoelectron spectroscopy (SRPES) in
ultra-high vacuum (UHV) (mechanism, monolayer conversion),
and UHV-based IRRAS (mechanism, bulk conversion).
Our main conclusions are summarized as follows:

(1) Activity: The Au(111) surface triggers the energy release of
PEQC in the liquid phase with very high activity. The back-
conversion is fully completed within 150 s. The release rate
of the heterogeneously catalyzed back-conversion of PEQC
can be tuned by applying an external potential.

Reaction mechanism: In UHV, (sub)monolayers of PEQC,
which are in contact with the Au(111) surface, convert
directly back to PENBD, even at cryogenic temperatures
(110 K). We attribute the back-conversion to the same
singlet-triplet mechanism previously reported for other

B
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photoswitches.?**® The reaction is induced by direct
electronic coupling between the Au(111) surface and PEQC.
In the multilayer, where the photoswitch is electronically
decoupled from the Au(111) surface, PEQC is stable up to
temperatures of 220 K. Above this temperature, the frozen
film becomes mobile, all PEQC reaches the Au(111) surface,
and is back-converted to PENBD.

Desorption: In UHV, we observe desorption of the multi-
layer at temperatures above 232 K (IRRAS). At submonolayer
coverage, PENBD first rearranges at temperatures of ~135 K
into the energetically most favorable adsorption geometry.
At elevated temperatures of >250K, all PENBD has
desorbed from the submonolayer, leaving minor residues
on the surface promoted by defects in the gold film
(SRPES).

Reversibility: In the liquid phase, the back-conversion on
Au(111) is highly selective and within numerous conversion
cycles we do not observe any decomposition. Within 100
cycles, no deactivation occurs and the activity of the
Au(111) surface even increases slightly, possibly due to
removal of contaminants.

Our multi-method study demonstrates the outstanding
catalytic properties of gold as a heterogeneous catalyst for the
energy release from NBD-based MOST systems and provides
additional mechanistic information required for further knowl-
edge-driven catalyst development.
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1. Conversion cycles at open circuit potential
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Figure SI 1: Reversibility test of the catalytically triggered PENBD/PEQC energy storage system on
Au(111) in the liquid phase (MeCN at open circuit potential (OCP)); a) Color plot of 3 conversion and

back-conversion cycles; b) Intensity plot vs time.
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2. Full spectra of 100 conversion and back-conversion cycles
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Figure SI 2: Spectra between 2500 and 1200 cm™ of 100 conversion cycles at -0.7 V. We provide the
frequency region of the v(CO) in Figure 4.
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3. Density plots of SRPES experiments
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Figure SI 3: Color-coded (blue being the highest intensity) density plots of the in sifzu SRPES experiments:
a) C Is spectra of PEQC (0.24 C-ML); b) C 1s spectra of PENBD (0.32 C-ML); ¢) O 1s spectra of PEQC
(0.06 O-ML); and d) O 1s spectra of PENBD (0.08 O-ML); collected at photon energies of 380 eV (a, b)
and 650 eV (c, d).
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4. Waterfall plots of SRPES experiments
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Figure SI 4: Temperature-programmed SRPES (TP-SRPES) experiments shown as waterfall plots:
a) PEQC in C s region; b) PENBD in C 1s region; ¢) PEQC in O 1s region; and d) PENBD in O 1s region.

Shifts of binding energy positions of signals are indicated by colored lines.

5. SRPE spectra in O 1s region
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Figure SI 5: a) Comparison of the O s spectra of PEQC and PENBD (rescaled) after adsorption on
Au/Pt(111) at 110 K; the same spectral appearance is observed for both molecules; minor deviations are
explained by impurities of co-adsorbed water.[! b) Normalized oxygen coverage as derived from O 1s
spectra in Figure SI 3, collected during heating of the PENBD layer; a contribution of water desorption to

the decrease of the O-coverage above 140 K cannot be completely excluded.?!
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6. Singlet-triplet mechanism
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Figure SI 6: Schematic energy landscape of the reaction system during the isomerization process,
according to the singlet-triplet mechanism, proposed by Schlimm et al.! Whereby Sy depicts the potential
surface in the single state, separating reactant and product by an energetic barrier (with maximum at Xo),
parabola T, represents the intermediate triplet state (with x; and X, as respective crossing points of the

dividing surfaces).

By assessing the coupling between different electronic states, Schlimm et al.[*) investigated the
mechanistic insights during the isomerization of different azobenzene-systems on Au(111)
suggesting an electronic transition mediated by bulk gold, which resulted in a pronounced
enhancement of the rate constants. Analogously, the reaction system of the switchable NBD/QC
molecule pair can be considered. In the beginning, the reactant (for the back conversion: QC) is in
the So singlet state. Through coupling with the gold catalyst, the intermediate transfer to the triplet
state T of the adsorbate is facilitated. Thereafter, the product (NBD) reaches its singlet state So in
an intersystem crossing (ISC) relaxation process. Here, the delocalization of the wavefunctions

into the gold surface is essential, which is expressed by the respective spin density.
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ABSTRACT

The transition to renewable energy sources comes along with the search for new energy storage solutions. Molecular solar thermal systems
directly harvest and store solar energy in a chemical manner. By a suitable molecular design, a higher overall efficiency can be achieved. In this
study, we investigate the surface chemistry of oxa-norbornadiene/quadricyclane derivatives on a Pt(111) surface. Specifically, we focus on the
energy storage and release properties of molecules that are substituted with ester moieties of different sizes. For our model catalytic approach,
synchrotron radiation-based x-ray photoelectron spectroscopy measurements were conducted in ultra-high vacuum (UHV) and correlated
with the catalytic behavior in the liquid phase monitored by photochemical infrared reflection absorption spectroscopy. The differences in
their spectral appearance enabled us to unambiguously differentiate the energy-lean and energy-rich isomers and decomposition products.
Next to qualitative information on the adsorption motifs, temperature-programmed experiments allowed for the observation of thermally
induced reactions and the deduction of the related reaction pathways. We analyzed the selectivity of the cycloreversion reaction from the
energy-rich quadricyclane derivative to its energy-lean norbornadiene isomer and competing processes, such as desorption and decompo-
sition. For the 2,3-bis(methylester)-substitution, the cycloreversion reaction was found to occur between 310 and 340 K, while the thermal
stability limit of the compounds was determined to be 380 K. The larger 2,3-bis(benzylester) derivatives have a lower apparent adsorption
energy and a decomposition onset already at 135 K. In the liquid phase (in acetonitrile), we determined the rate constants for the cyclore-
version reaction on Pt(111) to k = 5.3 x 10~ s7! for the 2,3-bis(methylester)-substitution and k = 6.3 x 10~* s7! for the 2,3-bis(benzylester)
derivative. The selectivities were of >99% and 98% for the two molecules, respectively. The difference in the catalytic behavior of Pt(111)
for both derivatives is less pronounced in the liquid phase than in UHV, which we attribute to the passivation of the Pt(111) surface by
carbonaceous species under ambient conditions.
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