
Au-Catalyzed Energy Release in a Molecular Solar Thermal
(MOST) System: A Combined Liquid-Phase and Surface
Science Study
Roman Eschenbacher+,[a] Felix Hemauer+,[b] Evanie Franz,[a] Andreas Leng,[c]

Valentin Schwaab,[b] Natalie J. Waleska-Wellnhofer,[b] Eva Marie Freiberger,[b] Lukas Fromm,[d]

Tao Xu,[a] Andreas Görling,[d] Andreas Hirsch,[c] Hans-Peter Steinrück,[b] Christian Papp,[b, e]

Olaf Brummel,*[a] and Jörg Libuda[a]

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

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).[1–5] 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-AZO),[6–11] the dihydroazulene/vinyl-
heptafulvene couple (DHA/VHF),[12–14] and the azaborine/BN-
dewar couple (AB/ABD).[15] One of the most studied MOST
systems, is the norbornadiene/quadricyclane pair (NBD/
QC).[4,16–20] The pristine NBD/QC couple reaches an energy
density of 100 kJ·mol� 1 (1 MJ·kg� 1),[4] 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)[4] of the solar
spectrum (100 nm to 1 mm),[21] 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.[22–25]
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One aspect, which is equally important, but received less
attention so far, is the controlled energy release in MOST
systems.[4] The most promising approaches to trigger the
energy release are by a heterogeneous catalyst[23,26–29] or by a
electrochemical process.[6,30–34] In 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.[35] 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).[35] 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 (Φisom=71% without photosensitizer)[23] 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 kJ kg� 1.[36] 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).[37] In addition, the electrocatalytically
triggered energy release of PEQC on HOPG was observed in
PEC-IRRAS experiments before.[34] 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.[35,38] 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.[39] 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.[37,38,40–43] On Ni(111),
pristine QC is stable in the submonolayer up to temperatures
of ~175 K,[40] functionalized QC was found to be stable even
up to 260 K.[42] In contrast, Pt(111) and Au(111) are much more
reactive.[11,35,37,43] In direct contact with these surfaces, sub-
monolayers of QC derivatives convert back even at ~100 K.[38]

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 (S0) and triplets (T1) in the

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.[29] 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.[38]

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, 4.22 g, 2 eq.) and ethyl-3-phenylpropio-
late (31.9 mmol, 5.55 g, 1 eq.) 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 4.6×10� 2 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 CDCl3
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.[23]

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 MΩ cm 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� 1 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 CaF2 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.[44]
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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 (H2SO4(conc.) : H2O2(30%), 2 : 1). Afterwards,
we rinsed the crystal thoroughly with ultrapure water (MilliQ
synergy UV, 18.2 MΩ cm at 25 °C, <5 ppb TOC) and annealed the
crystal in the flame of a Bunsen burner at orange glow for
3 min.[45] 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 AgNO3 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 (Vfc).

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 1.0×10� 10 mbar. The first sub-chamber is mainly

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,
8×10� 5 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� 1,
spectral resolution of 4 cm� 1). Each spectrum was referenced to
the clean surface recorded before the deposition. The growth rate
was adjusted via the pressure in the chamber (~4.5×10� 8 mbar).

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

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).
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linear heating ramp (2 K·min� 1) while recording IRRA spectra
(1 min·spectrum� 1) simultaneously. The dampening of IR signals at
higher temperatures was adjusted using a procedure by T. Xu et
al..[46] 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=ni/ni-1) was obtained by dividing each spectrum (ni) by the
previous spectrum (ni-1).

Photochemical conversion in UHV: All photochemical experiments
were performed in UHV using a home-built UV-source.[47] We used
a high-power LED (Seoul Viosys, CUD1AF4D) with a peak wave-
length of 310 nm and a typical forward voltage of 5.5 V. 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 II
(Helmholtz-Zentrum Berlin)[48] during multi-bunch top-up mode.
All data were measured with a transportable ultra-high vacuum
(UHV) apparatus, which is discussed in detail elsewhere.[49] 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-Šunjić functions.[50] Coverages were calibrated by com-
parison with a saturated CO c(4 x 2) superstructure on Pt(111),[51]

which equals θc=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 Å gold and annealed subsequently at 770 K for 10 min.[52–54]

Gold deposition was calibrated with the built-in QCM. The Pt(111)
crystal was cleaned by ion bombardment (Ar+, E=1.0 keV, Is~8 μA)
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 110 K by their vapor pressure; the exposure is given in
Langmuir (1 L=10� 6 Torr·s). Temperature-programmed
experiments[55,56] up to 550 K were performed with a heating rate
of 0.5 K · s� 1, 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

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),[34] measurements
in transmission mode at ambient pressure (middle)[34] and the
multilayer IRRA spectra in UHV (bottom). We summarize the
assignment of the IR bands in Table 1 and Table 2. 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� 1]

DFT Transmission
IR

IRRAS

ν(C� H)as+ s Phenyl 3125+3116 2982 2983

ν(C� H)as Ester 3055 2937 2940

ν(C� H)s Ester+NBD 2974 2870 2869

ν(C=O)as Ester 1683[a] 1693 1703

ν(C� C)as Phenyl
+δ(C� C)NBD

1592[a]+1563[a] 1595+1558 1595
+1558

ν(C� C)as Phenyl 1478[a] 1492 1493

δ(C� C)NBD 1276[a]+1200[a]

+1131[a]+1088
+1059

1295+1236
+1181
+1100
+1074

1296
+1242
+1191
+1103
+1076

ν(C� C� O)Ester 1029 1022 1035

δ(C� C)Phenyl
+δ(C� C)NBD

752+709
+678

762+719
+696

766+723
+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� 1]

DFT Transmission
IR

IRRAS

ν(C� H)as+ s Phenyl 3125+3110 2987 2976

ν(C� H)as Ester 3055 2929+2945 2933

ν(C� H)s Ester 2973 2857 2862

ν(C=O)as Ester 1711[a] 1692 1716

ν(C� C)as Phenyl 1601[a] 1602 1604

ν(C� C)as Phenyl 1490[a] 1445 1446

ν(C� C)as Ester 1379[a]+1361[a] 1409+1377 1408+1381

δ(C� C)QC 1282+1208[a]

+1153[a]+1091
+1025

1297+1236
+1187
+1122
+1024

1304+1238
+1113
+1051
+968

δ(C� C)Phenyl
+δ(C� C)QC

899+849
+743

811+757
+702

810+760
+697

[a] Published in Ref. [34].
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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� 1,
specific for PENBD, as well as the appearance of the band at
1604 cm� 1, 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.

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 � 0.7 Vfc to the Au
electrode. Note that we could tune the reaction rate by the
applied potential as demonstrated in our previous work.[35] The
corresponding spectra at open circuit potential (OCP) are
provided in the Supporting Information (see Figure SI 1). We

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� 1) 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.
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measured PEC-IRRA spectra in thin-layer configuration using a
spacer of 25 μm thickness. In this thin-layer configuration, the
reactant exchange between the thin layer and the bulk
solution is suppressed.[57] 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 λmax=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.

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� 1, the
ν(CO) stretching vibration, conversion led to a band shift
which gave rise to a s-shaped band in the difference spectra.
We used the ν(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

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 ν(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 Bu4NClO4 in MeCN at � 0.7 Vfc.
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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� 1 belong to the solvent acetonitrile[58] and
indicated minimal changes of the layer thickness. During
irradiation, we observed positive features for PENBD at
1690 cm� 1 (ν(CO)), 1492 cm� 1 (δ(CH)phenyl), 1332 cm� 1

(δ(CH)phenyl), and 1243 cm� 1 (δ(CH)NBD). For PEQC, we observed
negative bands at 1714 cm� 1 (ν(CO)), 1604 cm� 1 (ν(CC)phenyl),
1505 cm� 1 (δ(CH)phenyl), and 1306 cm� 1 (ν(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 ν(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 ~50 s (t1/2=7.5 s). After the LED is switched off,
the intensity rapidly decreased and vanished completely after
~150 s (t1/2=17 s). 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 ~50 s 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
5.8×10� 6 m·s� 1 at � 0.7 Vfc.

[35] 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 Vfc during the experiment. In Figure 4b and c, we depict
the ν(CO) region recorded during the first and the last cycles
(cycle 1–3 and cycle 100–103) and the intensities of the ν(CO)
bands for different cycles (spectra from 2500 to 1200 cm� 1 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-
(111).[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-

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 SI 4). The
catalyst surface was a gold film prepared by PVD and
subsequent annealing[52] on a Pt(111) single crystal (see
experimental section). This preparation led to a well-ordered
surface structure[53] with a behavior in photoemission experi-
ments identical to that of Au(111).[54]

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 110 K, 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

Wiley VCH Mittwoch, 27.12.2023

2401 / 328784 [S. 101/108] 1

ChemPhotoChem 2024, 8, e202300155 (7 of 14) © 2023 The Authors. ChemPhotoChem published by Wiley-VCH GmbH

ChemPhotoChem
Research Article
doi.org/10.1002/cptc.202300155

 23670932, 2024, 1, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cptc.202300155 by Freie U
niversitaet B

erlin, W
iley O

nline L
ibrary on [12/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Au(111), where the NBD/QC derivative was assembled on the
Au(111) surface by means of a trioxatriangulene anchor
platform.[38] 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).[29] 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

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 SI 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

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 ν(CO) region of the IR spectra recorded during cycle 1–3 and 101–103; c) Band
intensity of ν(CO) bands of PENBD (1690 cm� 1) and PEQC (1714 cm� 1) during cycle 1, 21, 41, 61, 81, and 101.
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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.[37,42] While there was only a slight decline in
carbon coverage below 150 K (less than 10%), a much more
pronounced decrease was found up to 210 K (see Figure 5b).
Beginning at 190 K, 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.[59] This fragmentation was likely promoted
by defects in the prepared gold films, as anticipated by theory
for under-coordinated sites on gold.[60]

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 ~135 K, 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 110 K in UHV (see Figure 6). At submonolayer
coverage, the most prominent signal was the ν(C� C� O)Ester
vibration at 1052 cm� 1 (Figure 6a and b). Note that only
components of the dynamic dipole moment perpendicular to

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.
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the surface plane give rise to absorption due to the metal
surface selection rule (MSSR).[61–63] Therefore, we conclude that
the ester group of this PENBD molecule adsorbed in an
upright-standing binding motif. With increasing coverage, the
ν(C� C� O)Ester signal decreased in intensity and redshifted from
1052 to 1036 cm� 1 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 6c and d showing scaled spectra of the

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.

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 ν(C� C� O)as Ester band at low coverage; c) Integrated band intensity of selected vibrational modes plotted as a function of deposition time. The
integrated bands are δ(C� C)Phenyl+δ(C� C)NBD (739 to 798 cm� 1), ν(C� C� O)as Ester (997 to 1061 cm� 1), and ν(C=O)as Ester (1637 to 1784 cm� 1); d) Comparison of the
PENBD monolayer (scaled by 50 times) and the multilayer; e) Reorientation of PENBD in the (sub)monolayer.
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Thermal stability and back-conversion of PEQC in UHV

Finally, we converted the multilayer of PENBD photochemically
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

color plot in Figure 7b, we show all spectra always using the
previously recorded spectrum as background. These spectra
represent the differential changes while heating (’differential’
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

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); c) Enlarged detail of the absolute spectra in the ν(C=O)as region (1750 to
1650 cm� 1) from 220 to 260 K; d) Enlarged detail of the absolute spectra in the ν(C� C)QC/NBD region (1650 to 1570 cm� 1); 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 232 K, the band at 1716 cm� 1 vanished, and two new bands
appeared at 1702 cm� 1 and 1684 cm� 1. The latter band
became the dominant band at temperatures>232 K (see inset
in Figure 7c). In the region around 1600 cm� 1, we observed
that the band at 1604 cm� 1 vanished between 224 and 232 K,
while two new bands appeared at 1614 and 1596 cm� 1 (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� 1 corresponds to the ν(C=O) 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.

(2) 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

photoswitches.[29,38] 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.

(3) 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 >250 K, all PENBD has
desorbed from the submonolayer, leaving minor residues
on the surface promoted by defects in the gold film
(SRPES).

(4) 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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