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Keywords:

The norbornadiene-quadricyclane photoswitch is a promising example of molecular solar thermal systems

ST™M capable of energy conversion, storage and release. We present a scanning tunneling microscopy and spectroscopy

Molecular switches
Norbornadiene
Molecular solar thermal systems

study of a symmetric NBD-COOMe derivative adsorbed on the Au(1 1 1) surface, supported by density functional
theory simulations. We observe the formation of ordered self-assembled islands of NBD-COOMe on the gold
surface, driven by intermolecular van der Waals interaction, which become disordered and gradually desorb

upon increasing the surface temperature. After annealing at 200 °C, a few adsorbed molecules show a different
appearance and electronic structure suggesting the formation of single metalorganic complexes of NBD-COOMe

with gold adatoms.

1. Introduction

As renewable energy systems such as solar and wind are introduced
rapidly, energy storage is becoming increasingly important due to the
daily and seasonal variability of energy production and demand. Several
energy storage solutions, including battery, mechanical, and thermo-
chemical solutions, are currently being explored to overcome this issue
[1]. Meanwhile, there are many possible applications for smart energy
management at a small scale. In this context, the so-called molecular
solar thermal systems (MOST) are attracting increasing attention in the
research community. The MOST concept is based on photoswitchable
molecules that combine three essential functions: energy conversion,
storage, and release [2-5]. This concept was introduced already in 1909
suggesting that it is possible using the anthracene dimerization reaction
for solar energy storage [6]. Since then, several systems have been
developed in both liquid and solid states [7-9]. One of the most prom-
ising MOST systems is based on the norbornadiene (NBD) - quad-
ricyclane (QC) valence isomer. NBD is a bicyclic compound that
undergoes [2 + 2] cycloaddition between the alkene moieties of the NBD
to the photoisomer (QC) [9]. This process can be induced by light
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irradiation [10] or under sensitizer conditions [11,12]. Moreover, ver-
satile ways have been developed to trigger the release of the storage
energy in QC to NBD conversion through optical, catalytical, electro-
catalytic or thermal activation [13,14]. Furthermore, recent reports
indicate that electronic activation can be used for energy storage and
release processes, opening new opportunities for electronic memory
systems [13]. In 2020, the reversibility of the NBD/QC system in a single
molecule break junction (SMBJ) was reported. It was demonstrated that
the NBD to QC isomerization arises from a local heating effect. At the
same time, the reverse reaction is mainly catalyzed by a single charge-
transfer process [15].

A further promising approach for energy storage in molecules is to
exploit stable mechanical and electronic molecular excited states in
molecular monolayers. This is possible by local conformational changes
of the single molecules that can be induced by thermal or electrical
excitation [16-18]. Advances in chemistry allow the synthesis of mo-
lecular switches whose conformational changes can be addressed in
ensembles, setting the basis for realizing a new energy storage tech-
nology [19].

Studies have been performed on the interaction between the NBD
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Scheme 1. Line drawing of the synthesis of NBD-COOMe.
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and a surface, especially for studying the catalytic back reaction to
extract the energy from the QC valence isomer [20-22]. In this context,
the studies of a triazatriagulenium (TATA) and trioxatriagulenium
(TOTA) platform decorated with an NBD on an Au(1 1 1) surface were
reported [23], demonstrating the self-assembly of monolayers of TATA-
NBD in long-range order, with no induced NBD to QC conversion tested
either by a change in bias or light irradiation. Later, the same authors
reported the catalytic effect of the gold surface in the back conversion of
the QC to NBD in the TOTA-NBD derivative. The authors supported the
latest by employing infrared reflection absorption spectroscopy (IRAS),
demonstrating the QC to NBD isomerization of the TOTA derivative
when it is in close contact with the surface [24].

Switching processes on single molecules adsorbed on a surface can be
studied in detail under well-controlled ultra-high vacuum (UHV) con-
ditions, allowing for fundamental model studies of potential molecule
pairs and reaction that stores and releases energy. For applications in
energy storage, it is also important to understand how molecules
interact with the supporting metal surface, how stable they are at
different temperatures, and how they break down or desorb.

Herein, we investigate an NBD derivative molecular system on the

Fig. 1. STM images and simulations of a self-assembled NBD-COOMe monolayer after deposition on Au(l 1 1). (a) Self-assembled monolayer showing an ordered
structure of identical molecules. (b) DFT simulation of the adsorption geometry of NBD-COOMe in the monolayer. (c) Close-up of the island with the superposed
simulated STM image corresponding to the geometry in (b). Image parameters: (a) V= 0.2 V, I = 100 pA, 20x20 nm? (b) V= 0.5 V,I1=30pA,5x%x5 nm?. Simulated

image in the inset.

Fig. 2. Annealing steps. (a) Self-assembled monolayer after deposition at RT. (b) First annealing step at 200°C for 5 min. (c) Second step of annealing at 200 °C for 5

min. Image parameters: V = 0.2 V, I = 100 pA, 40 x 40 nm?.
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Fig. 3. Differential conductance spectrum of the molecule in the monolayer.
Red curve: dI/dV spectrum recorded on the molecule indicated by a red dot in
the inset. Dashed black curve: spectrum recorded on the Au(1 1 1) surface for
comparison, at the position of the grey dot in the inset. Inset: STM image
recorded at V.= -2V, I =30pA, size =5 x 5 nm?.

Au(1 1 1) surface using low-temperature UHV scanning tunnelling mi-
croscopy (STM) and spectroscopy (STS) supported by computational
methods to understand the adsorption properties of these emerging
energy storage systems. Furthermore, we aimed at exploring voltage
induced structural changes induced by voltage pulses applied with the
STM tip and the effect of thermal excitation. To this aim, we have syn-
thesized a simple symmetrical norbornadiene derivative (NBD-
COOMe), which incorporates ester derivatives (-COOMe) in terminal
positions. The ester derivatives allow to maximize the interaction with
the surface, while the symmetry of the molecule makes it easily identi-
fiable by STM on the Au(1 1 1) surface. Upon adsorption on Au(1 1 1),
we observe the formation of an ordered self-assembled monolayer
driven by van der Waals interaction. By gradually increasing the surface
temperature, the molecules partially desorb, while we observe a change
in the appearance and electronic resonances of some molecules, which
can be attributed to the formation of metalorganic complexes between
NBD and gold adatoms.

Apparent Height (nm)

0.30 - (b)

0.00 L 1 L L L L
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2. Methods

NBD-COOMe molecules were evaporated at 155 °C for 105 s onto a
Au(1 1 1) surface kept at room temperature (25 °C). The Au (111) was
then annealed to 200 °C, step-wise twice. For the hot deposition
experiment, the molecules were evaporated at 170 °C for 90 s onto an Au
(111) sample held at 200°C. Before evaporation, the gold substrate was
cleaned by multiple cycles of Ar + sputtering and annealing to 450 °C.
STM experiments were performed using a custom-built instrument
operating at a low temperature of T = 5 K under ultrahigh vacuum (P =~
1 x 107'° mbar). All shown STM images were recorded in constant-
current mode with the bias voltage applied to the sample.

For spectroscopy experiments, all measurements were conducted in
constant height mode. Spectra were measured using lock-in detection
with a modulation frequency of 833 Hz and a modulation amplitude of
40 mV. Only metallic tips, i.e., tips showing the Au(1 1 1) surface state
were used for spectroscopy measurements on the molecules.

Density functional calculations were performed using the Vienna ab
initio simulation package (VASP) [25]. Core electrons were treated
using the PAW formalism [26], while valence electrons were described
using a plane-wave basis set with an energy cutoff of 400 eV. The PBE
flavor of the GGA exchange and correlation functional was used [27],
and it was completed with the Tkatchenko-Scheffler approximation to
treat the missing van der Waals interactions [28], In order to simulate
Au(1 1 1) surfaces we used a four layer slab separated by a 22 A vacuum
region. For the isolated molecules we used a (26.2 x 30.2) A rectangular
unit cell, while for the simulation of the self-assembled island we
employed a (8.7 x 15.4) A unit cell with an angle of 100.9°. The atomic
positions of the molecules and the first two Au layers were relaxed until
all forces were smaller than 0.01 eV/A. STM images and dI/dV spectra
were simulated using the STMpw code [29] following the Tersoff-
Hamann [30] approximation and the method of Bocquet et al.[31].

3. Results and discussion

The norbornadiene derivative (NBD-COOMe) was designed with
two para-ester phenyl rings attached on the same side of the norbor-
nadiene (Scheme 1). The idea behind this design was to have a sym-
metric molecule to help visualize it on the surface despite symmetry
around the double-bond of NBD being of some significance, because of
the 3D nature of the unit. Any substitution with different groups would
add chirality to the NBD, which could make the analysis of the STM
images challenging. The ester motifs were also incorporated to increase
the interaction between the molecule and the gold surface, as ester
groups are known to interact well with gold surfaces [21].

NBD-COOMe was obtained, as shown in Scheme 1, via Suzuki cross-

0.0 0.5 1.0 15 2.0 25 3.0
Lateral Displacement (nm)

Fig. 4. STM image after post-annealing at 200 °C recorded at a bias voltage of V = — 2 V. (a) Close-up of an island showing few NBD* (blue asterisk). Image
parameters: V= -2V, =50pA, 6 x 6 nm? (b) Linescans over lines of molecules containing NBD*. The STM image in the inset shows the corresponding lines on the

image with the same colors.
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Fig. 5. STS on both conformers. Spectra taken on both NBD (NBD-COOMe,
red) and NBD* (blue). NBD has an additional resonance below the Fermi energy
compared to NBD*. Inset: V= 0.2V, I = 100 pA, image size 5 nm x 4.5 nm. The
colored dots indicate the position where the corresponding spectrum has
been recorded.

coupling with the dibromo norbornadiene 1, followed by column
chromatography to yield the pure product in 33 %. The compound was
characterised by high-resolution techniques, e.g. NMR spectroscopy and
HRMS. Additional details can be found in the supporting information
(SD) file.

The molecule was thermally evaporated in UHV conditions onto an
Au(1 1 1) surface kept at room temperature. STM images are recorded
after cooling the sample down to T = 5 K. We find that the surface is
covered by an ordered close-packed molecular monolayer, as shown in
Fig. 1. Each molecule appears as a well-rounded and distinct feature
forming parallel lines. Domains with different orientations have also
been observed (Fig. 2a and Fig. S8).

We determined the adsorption geometry of the NBD-COOMe
monolayer on Au(1 1 1) via density functional theory (DFT) and image
simulations, as shown in Fig. 1b and c. The simulated STM image of the
self-assembled structure, visible in the inset of Fig. 1c, confirms that the
pronounced central maximum is due to the NBD unit, appearing as a
well-rounded central lobe at a small positive bias voltage. The side
groups are oriented parallel to each other along the lines, while parallel
lines of molecules form the two-dimensional monolayer structure, as
shown in Fig. 1b. We also calculated the binding energy of single
adsorbed molecules respect to the self-assembled monolayer. An

(a) (b)
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isolated molecule on the surface has a binding energy of 2.30 eV. For the
molecule in the monolayer, it increases to 2.68 eV due to an increase of
the van der Waals interaction of 0.44 eV. This demonstrates that the
formation of the ordered monolayer is driven by the van der Waals
interaction between the NBD-COOMe molecules.

To study the response of NBD-COOMe to thermal energy, we
annealed the supporting surface during the molecule deposition or,
similarly, post-annealed the substrate after deposition at RT. STM im-
ages were recorded at 5 K. After increasing the surface temperature to
150 °C and then 180 °C, respectively, we did not observe any change in
the monolayer or of the molecular structure (see Fig. S9). On the other
hand, post-annealing of the sample to 200 °C (Fig. 2) causes desorption
and diffusion of molecules from the self-assembled structure (Fig. 2b). A
further post-annealing at the same temperature (Fig. 2c) strongly re-
duces the molecular coverage on the surface. Fig. 2c also show the di-
rection of the Au(1l 1 1) surface reconstruction. The orientation of the
domains in the self-assembled monolayer (Fig. 1, Fig. 2a, Fig. S8) is
independent on the surface reconstruction, indicating a weak interac-
tion between the molecule and the Au(1 1 1) surface. Deposition on the
surface kept at T = 200 °C also shows a very low molecular coverage (see
Fig. S10).

STS spectra recorded between V = —2.5 V and V = 2.5 V on the
central NBD feature (Fig. 3) show a clearly visible electronic resonance
at V = —1.6 V and an increasing background at higher positive voltage,
in good agreement with DFT simulations for adsorbed NBD-COOMe
showing two resonances corresponding to the highest occupied molec-
ular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO)
of the molecule at V= —1.6 V and V = 2.2 V respectively. The slight
bias-dependence observed in the STM images, where the NBD round
feature is becoming more intense and diffuse at high negative bias
already before annealing (see Figure S11), can be explained by an
electronic contribution to the tunneling current related to the resonance
atV=-16V.

If we now image the surface after annealing at large negative voltage,
we observe a different species of molecules (Fig. 4, Fig. S12) that we for
the moment call NBD*. Fig. 4a shows a detail of an almost pristine is-
land, where a few molecules (marked with blue asterisks) appear smaller
and slightly elongated respect to NBD-COOMe when imaged at V =
—-2.0 V. To identify this new species of molecules we have compared in
Fig. 4b linescans recorded along the self-assembled lines. We clearly see
a difference in apparent height between the two species. It is important
to note that the NBD* species appear in most cases close to the border of
the island or in very small assemblies. This difference cannot be
explained due to a change in orientation since the self-assembly is not
disturbed.

We performed STS on the NBD* molecules and compared the spectra
of the two species. Fig. 5 shows the differential conductance spectra of
both NBD-COOMe and NBD* recorded in the same experimental

dl/dV (arb. units)

Bias voltage (V)

Fig. 6. STM images of single NBD* molecules (a) after annealing at 200 °C and stabilized by defects; (b) after deposition on the surface kept at T = 200 °C); (c) STS
spectrum of the molecule in (b) confirming the quenching of the peak at —1.6 V. For both STM images: V = —2.0 V, I = 50 pA, image size 2.5x2.5 nm>.
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Fig. 7. DFT calculations of Au-NBD-COOMe complexes. (a) Top view of
adsorption geometry of a single Au-NBD-COOMe complex on Au (1 1 1). (b)
Calculated high bias STM topography of (a). (c) Calculated low bias STM
topography of (a). (d) Top view of adsorption geometry of Au-NBD-COOMe
complexes in a self-assembled island on Au (1 1 1). (e) Calculated high bias STM
topography of (e). (f) Calculated low bias STM topography of (e). (g) Calculated
dI/dV spectra of both species.

conditions. It is immediately apparent that NBD-COOMe (red curve)
shows the resonance at —-1.6 V below Fermi energy that we already
presented in Fig. 3. This resonance is conspicuously absent in NBD*
(blue curve). Similar dI/dV spectra taken on different molecules (see
Fig. S13 and S14) show the same result, confirming that the negative
resonance at around —1.6 V is quenched for NBD*.

In a few rare cases, after annealing at 200 °C or deposition on the hot
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surface, we could observe an isolated single molecule, either stabilized
by defects (Fig. 6a) or as a single isolated molecule (Fig. 6b). The STS
spectrum recorded on the isolated molecule (Fig. 6¢) shows the same
quenching of the resonance at —1.6 V, indicating that the isolated
molecules are NBD*.

We performed DFT calculations to understand the nature of the
NBD* species. The combination of STM, STS and DFT simulations is a
reliable method to identify reactions and products also for rare on-
surface synthesis reactions [32-34]. Since NBD is a well-known molec-
ular switch, we considered first the possibility that NBD* is in reality the
QC conformer. The reaction typically occurs in the gas phase through
photoreaction [35] and, as mentioned earlier, was also observed
through local heating in a single molecule tunnel junction [36]. How-
ever, it is known that the Au(1 1 1) surface presents a very high catalytic
activity for the back-conversion from QC to NBD, thus making the QC
isomer unstable on this surface [22,37]. Furthermore, the simulated
STM images of QC-COOMe do not match our experimental results,
especially at high voltages (see Fig. S15). Therefore, we can exclude a
thermally-induced switching reaction of NBD-COOMe to QC-COOMe
on the Au(1 1 1) surface. Also, the application of voltage pulses with the
STM tip does not change the appearance of the molecules in the islands
or on single isolated molecules.

Differently from the case of other MOST systems like azobenzene
[18], we therefore exclude that the switching to the QC form can be
thermally or electronically induced on this surface.

Dissociation reactions related to the catalytic ability of gold towards
ester groups can also be excluded, and in the present investigation there
is no evidence of oxygenate species forming strong bonds with gold.
Previous studies have shown that aminolysis and esterification reactions
are catalysed by gold, when esters and amines are present in suitable
conditions [38]. However, these reactions seem to require a solvent or
other reactants, which is not the case in the present work, performed in
UHV conditions, i.e. completely free from any solvent. Additionally, the
back-reaction of a different NBD decorated with ester groups was per-
formed on Au(1 1 1) in a liquid phase. Even after 100 charge-discharge
cycles, there was no indication of by-products or degradation [37].

However, we know from the literature that it is possible for the NBD
to capture a gold adatom since it is an effective metal-ligand for
norbornadiene-based complexes [39]. Metal surface adatoms are known
to form complexes with single molecules in many different cases,
contributing to stabilize structures and facilitating on-surface reactions
[40-42]. Indeed, our DFT calculations suggest that NBD* is a complex
between a NBD-COOMe molecule and a gold adatom. Fig. 7 show the
adsorption geometry and simulated STM images at two different volt-
ages for a single Au-NBD-COOMe complex (Fig. 7a-c) and for self-
assembled molecular islands (Fig. 7d-f). The simulated images are in
good agreement with the experimental STM images of NBD* presented
in Figs. 4-6. In addition, the calculated dI/dV spectra shows a resonant
state at —1.6 V for NBD-COOMe, and its suppression for the
Au-NBD-COOMe complex, in agreement with the experiment in Fig. 5.

The origin of the adatom is readily explained by the thermal diffu-
sion of gold adatoms from the step edges, favoured by the energy given
to the surface during annealing. This would also account for the rela-
tively low number of NBD* species and their location close to the edge of
the islands.

4. Conclusions

In conclusion, we have presented a scanning tunneling microscopy
and spectroscopy investigation of NBD-COOMe adsorbed on the Au(1 1
1) surface. We observe the formation of ordered self-assembled molec-
ular islands, where the central core of the molecule appears as a round
well-distinct feature. After annealing the surface at 200 °C most mole-
cules desorb. At the same time, some of the remaining molecules are
transformed in a metalorganic complex with a gold adatom, as
confirmed by density functional theory calculations and image
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simulations. Our results support the catalytic activity of Au(1 1 1), since
no QC isomer could be observed. A new design decoupling the switching
unit from the gold surface is needed to investigate NBD-QC systems
triggered by tunneling electrons.
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