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Over the past two decades, organic molecules adsorbed on
atomically defined metal surfaces have been intensively studied
to obtain an in-depth understanding of their self-assembly
behavior, on-surface reactivity, as well as their structural
and electronic properties [1-6]. An important aspect to unravel
their potential use in electronic and optoelectronic devices
is how their functionality can be preserved when adsorbed
on surfaces. Unfortunately, the (strong) interaction of the
molecules with the metallic surface, for example, due to
hybridization of molecular states with electronic bands from
the metallic substrate, often alters the electronic properties
of the molecules and, moreover, can even turn off their
sought-after functionality. As a result of the (strong) interaction,
the molecular scaffolds can also become distorted, electronic
states may be significantly broadened and shifted, and vibronic
states may even be quenched. Decoupling strategies offer
unique opportunities to reduce these (strong) interactions.

In the following, recent progress to decouple both single
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molecules and molecular assemblies physically and
electronically from a (strongly) interacting support is briefly

reviewed.

The molecule—substrate decoupling can either be achieved by
suitable molecular design or manipulation of the molecular
building blocks, or passivation of the substrate. Molecular engi-
neering approaches include rigid spacers added to the molecu-
lar core [7-10] or specially designed double-decker molecules
[11] to maintain the active part of the molecule sufficiently high
above the surface to prevent it from interacting with the latter.
Alternatively, molecular/oligomeric structures can be attached
to the tip of a scanning probe microscope and mechanically
lifted from the metallic surface such that they hang freely be-
tween metal contacts. This manipulation technique allows for
measuring, amongst others, the electronic conductance, magnet-
ic properties, reversible switching, and electroluminescence of

free-standing molecules [12-16]. Physical decoupling strategies
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involving the design or manipulation of the molecular building
block significantly limit the selection of building blocks and
often hinder probing molecular properties with intramolecular
resolution. Therefore, modifications of the substrate, for
instance by adding or intercalating a decoupling layer, are often
the better choice. In the best case, these interfacial layers have a
large bandgap to prevent a hybridization with molecular states
as well as with the metallic/semiconducting substrate. All the
strategies for physical and electronic decoupling have been de-
veloped in view of fundamental studies as well as application in
devices.

Ultrathin semiconducting or insulating decoupling layers can be
epitaxially grown as mono- and multilayers on many metallic
substrates by either physical or chemical vapor deposition.
Among others, ultrathin dielectric layers of either alkali halides
(e.g., NaCl [17]) or metal oxides (e.g., MgO [18], Al,O3 [19],
and CuO [20]), or nitrides (CuN [21]) have been shown to be
beneficial for successfully reducing or even completely
switching off the unwanted interaction between the metal sub-
strate and the organic building blocks. Recently, two-dimen-
sional (2D) materials, including hexagonal boron nitride (ABN)
[22,23], graphene [24-27], and MoS; [28], have emerged as
monatomically thin decoupling layers. Van der Waals 2D mate-
rials are generally well suited due to their chemical inertness
and the low density of states near the Fermi level. However, the
electronic decoupling efficiency also depends on the electronic
structure of the 2D material. Sometimes, only molecular states
in the bandgap of the 2D material can be decoupled. Moreover,
ultrathin organic spacer layers can efficiently electronically
decouple further organic layers from a metal surface. The
decoupling strategy with organic layers relies on both an in-
creased separation between the organic layer of interest and the
metal as well as the different electronic gaps of the organic
interface layer and following ones [29-32]. Additional
concepts to weaken adsorbate—surface interactions involve
the post-deposition intercalation of atomic species such as
iodine [33].

For semiconductors, for example, bare silicon or germanium,
electronic decoupling of molecules can be achieved by either
the growth of ultrathin dielectric layers on top of the surface
[34,35] or a chemical modification of the surface to saturate the
dangling bonds. In surface-science-based studies, for the latter
approach hydrogenation of semiconductor surfaces is frequently
applied as effective passivation against chemisorption of adsor-
bates [36-39], while also B deposition was shown to result in
effective passivation of the Si surface [40,41]. In particular for
electronic devices, oxidized semiconductor surfaces (e.g.,
silicon dioxide layers formed on bare silicon) are mostly used as

substrates for fabricating devices [42].
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Most of these ultrathin interfacial layers significantly reduce
both the molecular adsorption energy and the hybridization of
molecular states with the electronic bands in metals and semi-
conductors. However, charge transport is not completely inhib-
ited, and electrons can still tunnel from the metal through these
decoupling layers to the organic molecules and vice versa. This
has the great advantage that these systems can still be exam-
ined by scanning tunneling microscopy (STM) and spectrosco-
py (STS), which gives insight into structural and electronic
properties of individual molecules. For applications such
vertical tunneling through the interfacial layers can be undesir-
able since it prevents the current from flowing across
electrode—molecule—electrode junctions [43] or leads to the
charging of physisorbed molecules on top of such layers [18].
Hence, ultrathin insulating layers are often not sufficient to truly
electronically insulate molecular structures. For this, the usage
of either thicker insulating films (mostly alkali halides) or bulk
insulators is required.

For studying molecules on bulk insulators, ionic crystals (e.g.,
KBr, NaCl, CaF,, and calcite) have mostly served as model
systems. To a lesser extent, metal oxides have also been used,
for which defects and charging often pose additional challenges
[44-46]. On electronically insulating surfaces, non-contact
atomic force microscopy (AFM) is the method of choice to
study molecular assemblies and individual molecules in real
space. Molecular adsorption and self-assembly are significantly
altered compared to metals due to an often weak interaction be-
tween organics and bulk insulators. In contrast to face-on
adsorption on metals, a tilted and edge-on adsorption becomes
possible for planar aromatic molecules on bulk insulators. Due
to lowered diffusion barrier and adsorption energy, the two-
dimensional molecular layers can be affected by dewetting and
may change into three-dimensional clusters [47]. In return, the
reduced molecule—surface interaction on insulating films or
bulk insulators can stabilize highly reactive molecules, offering
unique opportunities for the bottom-up assembly of novel car-
bon-based materials using on-surface chemistry [48,49]. How-
ever, the significantly reduced catalytic activity on non-metallic
substrates requires exploring alternative reaction mechanisms
beyond thermal activation, for example, photon-induced reac-
tions [46,49-51] or electron-induced reactions by electrons from
a probe tip [52,53].

In the following, we would like to highlight a few examples for
physical properties and built-in functionalities of molecular
systems, which were successfully accessed by employing one of
the decoupling strategies mentioned above. Electronic decou-
pling significantly increases the lifetime of excited molecular
states and improves the effective energy resolution (down to a

few millielectronvolts) of molecular resonances observed in
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tunneling spectroscopy since the hybridization of molecular
states with the ones of the metallic/semiconducting support is
prevented. Thereby, it became feasible to investigate molecular
orbitals [17], observe and switch the charge state of individual
molecules [54-59], and resolve individual vibronic states in
single molecules and molecular assemblies [23,28,60,61]. Simi-
larly, the lack of electronic states around the Fermi level in a
superconductor was used to preserve electronic properties in
adsorbed molecules. For example, the spin relaxation in mag-
netic molecules was suppressed on a superconducting surface,
which then resulted in a significant enhancement of the excited-
state spin lifetimes [62]. Concerning optical properties, success-
ful decoupling made the examination of fluorescence from both
single molecules and molecular assemblies feasible by tunnel-
ing electron excitation [19,63-66]. Also, sub-molecularly
resolved Raman images were successfully demonstrated [67].
Additionally, electroluminescence was reported for suspended
molecular wires between a metallic surface and the tip of a
scanning tunneling microscope [14]. Moreover, the decoupling
brings considerable benefits for surface-supported molecular
switches, in particular for preserving reversible switching capa-
bilities [68,69], but also conformational [9,10,70], tautomeric
[71], and charge state switching could be shown [56].

This Thematic Issue highlights recent experimental and theoret-
ical developments in realizing and understanding physically and
electronically decoupled single molecules and molecular assem-
blies on surfaces. Several decoupling strategies at the
solid—vacuum and solid—liquid interface were explored to eluci-
date structural, electronic, vibronic, and chemical properties of
decoupled molecular structures.

Physical decoupling by molecular design often relies on non-
planar adsorbates with bulky spacer groups, which can adopt
various conformations. From a theoretical point of view, finding
the energetically most stable conformational structure can be
challenging and costly because conventional atomistic simula-
tions are often limited to the partial exploration of the potential
energy landscape due to the complexity of the system. Recently
developed structure search methods that combine machine
learning with density functional theory provide the possibility
of reliable structure identification of non-planar molecules, as
demonstrated for the example of (15)-camphor on Cu(111) [72].
Such computational tools become relevant for molecules with
bulky spacer groups since they are very valuable for predicting
and interpreting the structural and conformational properties as
well as the decoupling of such molecules on surfaces.

With an appropriate molecular design, the built-in functionality
of the active part of the molecule can be preserved upon adsorp-

tion on a surface. An example of the preservation of catalytic
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properties is demonstrated for the redox behavior of manganese
porphyrins at the solid-liquid interface. Redox reactions at the
axial ligands attached to the metal center of the porphyrin were
observed regardless of the type of surface (highly oriented
pyrolytic graphite (HOPG) and Au surfaces were used), solvent
(1-phenyloctane and n-tetradecane) and tip material (Pt/Ir, Au,
and W), which indicates that the ligands have to be decoupled
from the substrates [73].

Suitable functionalization of molecules is another concept to
vary their adsorption strength on metal substrates. For instance,
partial fluorination of pentacene molecules decreased the
adsorption strength on strongly interacting substrates such as Cu
[74] but did not result in notable effects on Ag(111) [75]. Al-
though this decoupling concept is only practical on Cu, the
fluorination significantly changed the molecular multilayer
growth on Ag(111) and led to a physical decoupling with a
nearly bulk crystalline structure for the fluorinated pentacene.

Two articles within this Thematic Issue discuss structural
templating effects at the solid-liquid interface by systemati-
cally looking at the influence of organic decoupling layers.
Reynaerts et al. [76] investigated the suitability of long-chain
alkanes as physical decoupling layers from a graphite surface.
The occurrence of the same polymorphs for 4-tetradecyloxy-
benzoic acid assemblies in the presence and absence of the
long-chain alkane buffer layer indicated that the influence of the
substrate could not solely explain the self-assembled structures.
However, the alkane buffer layer provided the possibility to
monitor the STM-induced nucleation, growth, and ripening of
self-assembled monolayers in a more controlled fashion.
Songen et al. [77] provide insight into the interaction of organic
molecules with bulk insulators by discussing the adsorption of
ethanol on both calcite and magnesite using three-dimensional
AFM experiments. Although molecules adsorbed on bulk insu-
lators are electronically decoupled, molecular self-assemblies
can experience a substrate templating effect due to the presence
of heterogeneous adsorption sites. Therefore, Songen et al. [77]
found on bulk calcite and magnesite that the first ethanol layer
arranges in a laterally ordered way due to ionic interactions,
where ethanol adopts well-defined adsorption positions on the
carbonate surface. In contrast, the following layers lack this
order as they reside on ethanol layers. Hence, they experience a

physical decoupling due to the changing chemical environment.

Next, we outline articles that use 2D materials and ultrathin
dielectric layers as decoupling layers. While on the one hand,
molecular functionalization is a powerful approach to tune the
electronic and optical properties of 2D materials, in particular
for many practical applications [78], 2D materials, on the other

hand, offer an alternative way for decoupling molecular struc-
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tures from metal substrates [24]. 2D van der Waals materials
are generally inert and therefore, are potentially well suited for
physical decoupling of molecular structures. However, moiré
patterns present due to the lattice mismatch between 2D materi-
al and its substrate might serve as structural templates for mo-
lecular adsorption and self-assembly [79-82]. The electronic
decoupling depends on the electronic properties of the 2D mate-
rials as they can be insulators, semiconductors, semimetals, or
metals [83].

Rothe et al. [84] demonstrated that semimetallic graphene is an
appropriate buffer layer for the physical and chemical decou-
pling of rubrene from Pt(111). The strong molecule—surface
interaction on Pt(111) is expressed by hit-and-stick adsorption
due to a substantial diffusion barrier. In contrast, on graphene/
Pt(111) the growth of molecular domains is facilitated. Elec-
tronically, the width of the highest occupied molecular orbital
(HOMO) resonance is reduced by a factor of ten on graphene/
Pt(111) compared to bare Pt(111) due to a reduction of the mol-
ecule—surface hybridization. The significantly reduced reso-
nance width allowed for resolving vibronic states in both fron-
tier orbitals on graphene/Pt(111) by STS.

The semiconducting 2D material MoS, may act as a decou-
pling layer for molecules from the underlying metal substrate if
the molecular resonances lie within the MoS; bandgap. Hence,
Yousofnejad et al. [85] found using MoS; on Ag(111) as sub-
strate that the HOMO of tetracyanoquinodimethane (TNCQ) is
not decoupled because it is located in the MoS; valence band,
while the lowest unoccupied molecular orbital narrows but still
suffers from lifetime broadening because it is situated at the
conduction band onset of MoS,. Despite this, the vibronic states
of the transiently negatively charged TCNQ could be resolved
by STS.

hBN is an insulator and has therefore been widely used to
decouple organic molecules from metal substrates. Three arti-
cles within this Thematic Issue successfully employed ZBN to
investigate the pristine properties of particular molecules.
Schaal et al. [86] showed that ABN on Ni(111) electronically
decoupled tetraphenyldibenzoperiflanthene such that the molec-
ular vibronic progression was observable by in situ differential
reflectance spectroscopy, which is otherwise only achieved for
multilayers on the bare Ni. On ZBN/Cu(111), Zimmermann et
al. [87] could visualize the molecular orbitals of pyrene deriva-
tives by STM at the submolecular level, while Briilke et al. [88]
measured the fluorescence of monolayer perylenetetracar-
boxylic dianhydride (PTCDA), which is quenched on bare
Cu(111) and would require three molecular decoupling layers to
be probed on Cu(111). In all three studies using BN, ordered

molecular films were observed. The decoupling even allowed
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for the formation of complex self-assemblies such as kagome
lattices by tuning the number and position of the substituents of

the pyrenes derivatives [87].

Metal oxide thin films on top of metal substrates are another
interesting class of ultrathin interfacial layers to decouple
organic molecules and to enable the study of their electronic
properties without the contribution of the underlying metal sub-
strate. Hurdax et al. reported that both charged and neutral
species of sexiphenyl can co-exist on thin dielectric MgO films
on Ag(100) [89]. Due to the changed work function of the sub-
strate, charging of the adsorbates is enabled by electron tunnel-
ing. The charge transfer strongly influences the molecular con-
formation by planarizing the carbon backbone as well as the
self-assembly. Hurdax et al. [89] suggested that work function
measurements before and after the adsorption of molecules
should give insight into the electronic and physical decoupling.
It should be noted that metal oxide thin films feature heterogen-
eous adsorption sites, which can lead to the anchoring of
organic molecules having specific functional groups. Hence, the
interplay of the potential energy landscape of the substrate and
the intermolecular interactions steers the self-assembly in such
systems. Xiang et al. [90] studied these aspects for the self-
assembly of porphyrin derivatives on cobalt oxide films on top
of Ir(100). While the unfunctionalized diphenylporphyrin self-
assembled on the bilayer film but not on the two-bilayer film,
the opposite observation was made for cyanotetraphenylpor-

phyrin.

Physical decoupling of molecules from a semiconducting sub-
strate is discussed for the example of both insulating CaF, thin
films on Si(111) [91] and hydrogen passivation of Ge(001) sur-
faces [92]. In the first case, three scenarios were compared:
PTCDA on Si, on a thin CaF,, and on a thicker CaF, layer.
While isolated PTCDA molecules were pinned to defects on Si
and also on the thin CaF; layer, PTCDA was physically decou-
pled via the thicker CaF, films and self-assembled into small
islands. For FePc on H-passivated Ge(001), efficient physical
decoupling facilitated the growth of large islands with upright
oriented molecules, similar to their arrangement in molecular

crystals.

In summary, the articles collected in this Thematic Issue high-
light recent experimental and theoretical developments in the
atomic- and molecular-scale understanding of physically and
electronically decoupled single molecules and molecular assem-
blies on surfaces. Over the last decade, significant progress in
this field led to a manifold of decoupling strategies for single
molecules and surface-supported molecular architectures.
Decoupling strategies are highly relevant to preserve the

intrinsic structural, electronic, and optical properties of the mol-
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ecules for performing insightful fundamental surface-science-
based studies on them and, thus, play a crucial role in designing

new molecule-based electronic and optoelectronic devices.
Sabine Maier and Meike Stohr
Erlangen and Groningen, July 2021

Acknowledgements

We would like to thank all the authors for their interest in this
Thematic Issue and their excellent contributions. We also wish
to acknowledge the Beilstein-Institut editorial team for their
excellent support and the editorial board for the opportunity to
publish this Thematic Issue.

ORCID® iDs

Sabine Maier - https://orcid.org/0000-0001-9589-6855
Meike Stohr - https://orcid.org/0000-0002-1478-6118

References

1. Elemans, J. A. A. W,; Lei, S.; De Feyter, S. Angew. Chem., Int. Ed.
2009, 48, 7298-7332. doi:10.1002/anie.200806339

2. Barth, J. V. Annu. Rev. Phys. Chem. 2007, 58, 375-407.
doi:10.1146/annurev.physchem.56.092503.141259

3. Held, P. A.; Fuchs, H.; Studer, A. Chem. — Eur. J. 2017, 23,
5874-5892. doi:10.1002/chem.201604047

4. Grill, L.; Hecht, S. Nat. Chem. 2020, 12, 115-130.
doi:10.1038/s41557-019-0392-9

5. Clair, S.; de Oteyza, D. G. Chem. Rev. 2019, 119, 4717-4776.
doi:10.1021/acs.chemrev.8b00601

6. Lei, S.; De Feyter, S. Top. Curr. Chem. 2008, 285, 269-312.
doi:10.1007/128_2007_23

7. Langlais, V. J.; Schlittler, R. R.; Tang, H.; Gourdon, A.; Joachim, C.;
Gimzewski, J. K. Phys. Rev. Lett. 1999, 83, 2809-2812.
doi:10.1103/physrevlett.83.2809

8. Jung, T. A.; Schiittler, R. R.; Gimzewski, J. K.; Tang, H.; Joachim, C.
Science 1996, 271, 181-184. doi:10.1126/science.271.5246.181

9. Alemani, M.; Peters, M. V.; Hecht, S.; Rieder, K.-H.; Moresco, F.;
Grill, L. J. Am. Chem. Soc. 2006, 128, 14446—14447.
doi:10.1021/ja065449s

10. Comstock, M. J.; Levy, N.; Kirakosian, A.; Cho, J.; Lauterwasser, F.;
Harvey, J. H.; Strubbe, D. A.; Fréchet, J. M. J.; Trauner, D.;
Louie, S. G.; Crommie, M. F. Phys. Rev. Lett. 2007, 99, 038301.
doi:10.1103/physrevlett.99.038301

11.Matino, F.; Schull, G.; Kéhler, F.; Gabutti, S.; Mayor, M.; Berndt, R.
Proc. Natl. Acad. Sci. U. S. A. 2011, 108, 961.
doi:10.1073/pnas.1006661107

12. Lafferentz, L.; Ample, F.; Yu, H.; Hecht, S.; Joachim, C.; Girill, L.
Science 2009, 323, 1193—1197. doi:10.1126/science.1168255

13. Temirov, R.; Lassise, A.; Anders, F. B.; Tautz, F. S. Nanotechnology
2008, 79, 065401. doi:10.1088/0957-4484/19/6/065401

14.Reecht, G.; Scheurer, F.; Speisser, V.; Dappe, Y. J.; Mathevet, F.;
Schull, G. Phys. Rev. Lett. 2014, 112, 047403.
doi:10.1103/physrevlett.112.047403

15.Reecht, G.; Lotze, C.; Sysoiev, D.; Huhn, T.; Franke, K. J. ACS Nano
2016, 70, 10555—10562. doi:10.1021/acsnano.6b06559

Beilstein J. Nanotechnol. 2021, 12, 950-956.

16. Aradhya, S. V.; Venkataraman, L. Nat. Nanotechnol. 2013, 8, 399-410.
doi:10.1038/nnano.2013.91

17.Repp, J.; Meyer, G.; Stojkovi¢, S. M.; Gourdon, A.; Joachim, C.
Phys. Rev. Lett. 2005, 94, 026803. doi:10.1103/physrevlett.94.026803

18. Hollerer, M.; Liftner, D.; Hurdax, P.; Ules, T.; Soubatch, S.;
Tautz, F. S.; Koller, G.; Puschnig, P.; Sterrer, M.; Ramsey, M. G.
ACS Nano 2017, 11, 6252—-6260. doi:10.1021/acsnano.7b02449

19.Qiu, X. H.; Nazin, G. V.; Ho, W. Science 2003, 299, 542.
doi:10.1126/science.1078675

20.Yang, X.; Krieger, |.; Liftner, D.; WeiB, S.; Heepenstrick, T.;
Hollerer, M.; Hurdax, P.; Koller, G.; Sokolowski, M.; Puschnig, P.;
Ramsey, M. G.; Tautz, F. S.; Soubatch, S. Chem. Commun. 2018, 54,
9039-9042. doi:10.1039/c8cc03334j

21.Miyamachi, T.; Gruber, M.; Davesne, V.; Bowen, M.; Boukari, S.;
Joly, L.; Scheurer, F.; Rogez, G.; Yamada, T. K.; Ohresser, P.;
Beaurepaire, E.; Wulfhekel, W. Nat. Commun. 2012, 3, 938.
doi:10.1038/ncomms1940

22. Auwarter, W. Surf. Sci. Rep. 2019, 74, 1-95.
doi:10.1016/j.surfrep.2018.10.001

23.Schulz, F.; Drost, R.; Himalainen, S. K.; Liljeroth, P. ACS Nano 2013,
7, 11121-11128. doi:10.1021/nn404840h

24.Kumar, A.; Banerjee, K.; Liljeroth, P. Nanotechnology 2017, 28,
082001. doi:10.1088/1361-6528/aa564f

25.MacLeod, J. M.; Rosei, F. Small 2014, 10, 1038—1049.
doi:10.1002/smll.201301982

26.Kong, L.; Enders, A.; Rahman, T. S.; Dowben, P. A.
J. Phys.: Condens. Matter 2014, 26, 443001.
doi:10.1088/0953-8984/26/44/443001

27.Riss, A.; Wickenburg, S.; Tan, L. Z.; Tsai, H.-Z.; Kim, Y.; Lu, J.;
Bradley, A. J.; Ugeda, M. M.; Meaker, K. L.; Watanabe, K.;
Taniguchi, T.; Zettl, A.; Fischer, F. R.; Louie, S. G.; Crommie, M. F.
ACS Nano 2014, 8, 5395-5401. doi:10.1021/nn501459v

28.Krane, N.; Lotze, C.; Reecht, G.; Zhang, L.; Briseno, A. L.;
Franke, K. J. ACS Nano 2018, 12, 11698-11703.
doi:10.1021/acsnano.8b07414

29.Forker, R.; Kasemann, D.; Dienel, T.; Wagner, C.; Franke, R.;
Mllen, K.; Fritz, T. Adv. Mater. (Weinheim, Ger.) 2008, 20,
4450-4454. doi:10.1002/adma.200801112

30.Wang, Q.; Franco-Canellas, A.; Ji, P.; Birker, C.; Wang, R.-B.;
Broch, K.; Thakur, P. K.; Lee, T.-L.; Zhang, H.; Gerlach, A.; Chi, L.;
Duhm, S.; Schreiber, F. J. Phys. Chem. C 2018, 122, 9480-9490.
doi:10.1021/acs.jpcc.8b01529

31.Franke, K. J.; Schulze, G.; Henningsen, N.; Fernandez-Torrente, |.;
Pascual, J. |.; Zarwell, S.; Riick-Braun, K.; Cobian, M.; Lorente, N.
Phys. Rev. Lett. 2008, 100, 036807.
doi:10.1103/physrevlett.100.036807

32.Liu, Z.; Sun, K,; Li, X.; Li, L.; Zhang, H.; Chi, L. J. Phys. Chem. Lett.
2019, 70, 4297-4302. doi:10.1021/acs.jpclett.9b01167

33. Rastgoo-Lahrood, A.; Bjork, J.; Lischka, M.; Eichhorn, J.; Kloft, S.;
Fritton, M.; Strunskus, T.; Samanta, D.; Schmittel, M.; Heckl, W. M,;
Lackinger, M. Angew. Chem., Int. Ed. 2016, 55, 7650—7654.
doi:10.1002/anie.201600684

34.Duverger, E.; Boyer, A.-G.; Sauriat-Dorizon, H.; Sonnet, P.;
Stephan, R.; Hanf, M.-C.; Riedel, D. ACS Appl. Mater. Interfaces 2020,
12, 29661-29670. doi:10.1021/acsami.0c06631

35. Chiaravalloti, F.; Dujardin, G.; Riedel, D. J. Phys.: Condens. Matter
2015, 27, 054006. doi:10.1088/0953-8984/27/5/054006

36.Bellec, A.; Ample, F.; Riedel, D.; Dujardin, G.; Joachim, C. Nano Lett.
2009, 9, 144—147. doi:10.1021/n1802688g

954


https://orcid.org/0000-0001-9589-6855
https://orcid.org/0000-0002-1478-6118
https://doi.org/10.1002%2Fanie.200806339
https://doi.org/10.1146%2Fannurev.physchem.56.092503.141259
https://doi.org/10.1002%2Fchem.201604047
https://doi.org/10.1038%2Fs41557-019-0392-9
https://doi.org/10.1021%2Facs.chemrev.8b00601
https://doi.org/10.1007%2F128_2007_23
https://doi.org/10.1103%2Fphysrevlett.83.2809
https://doi.org/10.1126%2Fscience.271.5246.181
https://doi.org/10.1021%2Fja065449s
https://doi.org/10.1103%2Fphysrevlett.99.038301
https://doi.org/10.1073%2Fpnas.1006661107
https://doi.org/10.1126%2Fscience.1168255
https://doi.org/10.1088%2F0957-4484%2F19%2F6%2F065401
https://doi.org/10.1103%2Fphysrevlett.112.047403
https://doi.org/10.1021%2Facsnano.6b06559
https://doi.org/10.1038%2Fnnano.2013.91
https://doi.org/10.1103%2Fphysrevlett.94.026803
https://doi.org/10.1021%2Facsnano.7b02449
https://doi.org/10.1126%2Fscience.1078675
https://doi.org/10.1039%2Fc8cc03334j
https://doi.org/10.1038%2Fncomms1940
https://doi.org/10.1016%2Fj.surfrep.2018.10.001
https://doi.org/10.1021%2Fnn404840h
https://doi.org/10.1088%2F1361-6528%2Faa564f
https://doi.org/10.1002%2Fsmll.201301982
https://doi.org/10.1088%2F0953-8984%2F26%2F44%2F443001
https://doi.org/10.1021%2Fnn501459v
https://doi.org/10.1021%2Facsnano.8b07414
https://doi.org/10.1002%2Fadma.200801112
https://doi.org/10.1021%2Facs.jpcc.8b01529
https://doi.org/10.1103%2Fphysrevlett.100.036807
https://doi.org/10.1021%2Facs.jpclett.9b01167
https://doi.org/10.1002%2Fanie.201600684
https://doi.org/10.1021%2Facsami.0c06631
https://doi.org/10.1088%2F0953-8984%2F27%2F5%2F054006
https://doi.org/10.1021%2Fnl802688g

37.Godlewski, S.; Kolmer, M.; Kawai, H.; Such, B.; Zuzak, R.; Saeys, M.;
de Mendoza, P.; Echavarren, A. M.; Joachim, C.; Szymonski, M.
ACS Nano 2013, 7, 10105-10111. doi:10.1021/nn404254y

38. Uder, B.; Ludwig, C.; Petersen, J.; Gompf, B.; Eisenmenger, W.
Z. Phys. B: Condens. Matter 1995, 97, 389-390.
doi:10.1007/bf01317220

39. Gruyters, M.; Pingel, T.; Gopakumar, T. G.; Néel, N.; Schitt, C.;
Kohler, F.; Herges, R.; Berndt, R. J. Phys. Chem. C 2012, 116,
20882-20886. doi:10.1021/jp3058433

40.Lyo, I.-W.; Kaxiras, E.; Avouris, P. Phys. Rev. Lett. 1989, 63,
1261-1264. doi:10.1103/physrevlett.63.1261

41.Makoudi, Y.; Palmino, F.; Duverger, E.; Arab, M.; Chérioux, F.;
Ramseyer, C.; Therrien, B.; Tschan, M. J.-L.; Stss-Fink, G.
Phys. Rev. Lett. 2008, 100, 076405.
doi:10.1103/physrevlett.100.076405

42.Vilan, A.; Cahen, D. Chem. Rev. 2017, 117, 4624—4666.
doi:10.1021/acs.chemrev.6b00746

43.Bombis, C.; Ample, F.; Lafferentz, L.; Yu, H.; Hecht, S.; Joachim, C.;
Grill, L. Angew. Chem., Int. Ed. 2009, 48, 9966—9970.
doi:10.1002/anie.200904645

44. Hoffmann-Vogel, R. Rep. Prog. Phys. 2018, 81, 016501.
doi:10.1088/1361-6633/aa8fda

45.Rahe, P.; Kittelmann, M.; Neff, J. L.; Nimmrich, M.; Reichling, M.;
Maass, P.; Kihnle, A. Adv. Mater. (Weinheim, Ger.) 2013, 25,
3948-3956. doi:10.1002/adma.201300604

46. Richter, A.; Floris, A.; Bechstein, R.; Kantorovich, L.; Kiihnle, A.
J. Phys.: Condens. Matter 2018, 30, 133001.
doi:10.1088/1361-648x/aab0b9

47.Burke, S. A.; Topple, J. M.; Gritter, P. J. Phys.: Condens. Matter 2009,

21, 423101. doi:10.1088/0953-8984/21/42/423101
48.Kaiser, K.; Scriven, L. M.; Schulz, F.; Gawel, P.; Gross, L.;

Anderson, H. L. Science 2019, 365, 1299-1301.

doi:10.1126/science.aay1914

49. Para, F.; Bocquet, F.; Nony, L.; Loppacher, C.; Féron, M.; Cherioux, F.;

Gao, D. Z.; Federici Canova, F.; Watkins, M. B. Nat. Chem. 2018, 10,
1112-1117. doi:10.1038/s41557-018-0120-x

50. Palmino, F.; Loppacher, C.; Chérioux, F. ChemPhysChem 2019, 20,
2271-2280. doi:10.1002/cphc.201900312

51.Lindner, R.; Rahe, P.; Kittelmann, M.; Gourdon, A.; Bechstein, R.;
Kihnle, A. Angew. Chem., Int. Ed. 2014, 53, 7952—7955.
doi:10.1002/anie.201309128

52. Pavli¢ek, N.; Gross, L. Nat. Rev. Chem. 2017, 1, 0005.
doi:10.1038/s41570-016-0005

53.Gross, L.; Schuler, B.; Pavli¢ek, N.; Fatayer, S.; Majzik, Z.; Moll, N.;
Pefia, D.; Meyer, G. Angew. Chem., Int. Ed. 2018, 57, 3888—3908.
doi:10.1002/anie.201703509

54.Wu, S. W.; Ogawa, N.; Ho, W. Science 2006, 312, 1362.
doi:10.1126/science.1124881

55. Swart, |.; Sonnleitner, T.; Repp, J. Nano Lett. 2011, 11, 1580—-1584.
doi:10.1021/nl104452x

56. Fatayer, S.; Albrecht, F.; Zhang, Y.; Urbonas, D.; Pefia, D.; Moll, N.;
Gross, L. Science 2019, 365, 142. doi:10.1126/science.aax5895

57.Patera, L. L.; Queck, F.; Scheuerer, P.; Repp, J. Nature 2019, 566,
245-248. doi:10.1038/s41586-019-0910-3

58.Heim, T.; Lmimouni, K.; Vuillaume, D. Nano Lett. 2004, 4, 2145-2150.

doi:10.1021/nl0487673

59.Rahe, P.; Steele, R. P.; Williams, C. C. Nano Lett. 2016, 16, 911-916.

doi:10.1021/acs.nanolett.5b03725
60.Qiu, X. H.; Nazin, G. V.; Ho, W. Phys. Rev. Lett. 2004, 92, 206102.
doi:10.1103/physrevlett.92.206102

Beilstein J. Nanotechnol. 2021, 12, 950-956.

61.Mehler, A.; Néel, N.; Kroger, J. J. Phys. Chem. Lett. 2020, 11,
5204-5211. doi:10.1021/acs.jpclett.0c01320

62. Heinrich, B. W.; Braun, L.; Pascual, J. |.; Franke, K. J. Nat. Phys. 2013,
9, 765-768. doi:10.1038/nphys2794

63.Cavar, E.; Blum, M.-C.: Pivetta, M.; Patthey, F.; Chergui, M.;
Schneider, W.-D. Phys. Rev. Lett. 2005, 95, 196102.
doi:10.1103/physrevlett.95.196102

64.Zhu, S.-E.; Kuang, Y.-M.; Geng, F.; Zhu, J.-Z.; Wang, C.-Z.; Yu, Y.-J.;
Luo, Y.; Xiao, Y.; Liu, K.-Q.; Meng, Q.-S.; Zhang, L.; Jiang, S.;
Zhang, Y.; Wang, G.-W.; Dong, Z.-C.; Hou, J. G. J. Am. Chem. Soc.
2013, 735, 15794-15800. doi:10.1021/ja4048569

65.Chen, C.; Chu, P.; Bobisch, C. A.; Mills, D. L.; Ho, W. Phys. Rev. Lett.
2010, 705, 217402. doi:10.1103/physrevlett.105.217402

66. Kabakchiev, A.; Kuhnke, K.; Lutz, T.; Kern, K. ChemPhysChem 2010,
11, 3412-3416. doi:10.1002/cphc.201000531

67.Jaculbia, R. B.; Imada, H.; Miwa, K.; Iwasa, T.; Takenaka, M.; Yang, B.;
Kazuma, E.; Hayazawa, N.; Taketsugu, T.; Kim, Y. Nat. Nanotechnol.
2020, 75, 105-110. doi:10.1038/s41565-019-0614-8

68.Zhang, J. L.; Zhong, J. Q.; Lin, J. D.; Hu, W. P.; Wu, K.; Xu, G. Q.;
Wee, A. T. S.; Chen, W. Chem. Soc. Rev. 2015, 44, 2998-3022.
doi:10.1039/c4cs00377b

69.van der Molen, S. J.; Liljeroth, P. J. Phys.: Condens. Matter 2010, 22,
133001. doi:10.1088/0953-8984/22/13/133001

70.Qiu, X. H.; Nazin, G. V.; Ho, W. Phys. Rev. Lett. 2004, 93, 196806.
doi:10.1103/physrevlett.93.196806

71.Liljeroth, P.; Repp, J.; Meyer, G. Science 2007, 317, 1203.
doi:10.1126/science.1144366

72.Jarvi, J.; Rinke, P.; Todorovi¢, M. Beilstein J. Nanotechnol. 2020, 11,
1577-1589. doi:10.3762/bjnano.11.140

73.Habets, T.; Speller, S.; Elemans, J. A. A. W. Beilstein J. Nanotechnol.
2020, 71, 1264—1271. doi:10.3762/bjnano.11.110

74.Koch, N.; Gerlach, A.; Duhm, S.; Glowatzki, H.; Heimel, G.; Volimer, A.;
Sakamoto, Y.; Suzuki, T.; Zegenhagen, J.; Rabe, J. P.; Schreiber, F.
J. Am. Chem. Soc. 2008, 130, 7300-7304. doi:10.1021/ja800286k

75.Wang, Q.; Chen, M.-T.; Franco-Cafiellas, A.; Shen, B.; Geiger, T.;
Bettinger, H. F.; Schreiber, F.; Salzmann, |.; Gerlach, A.; Duhm, S.
Beilstein J. Nanotechnol. 2020, 11, 1361-1370.
doi:10.3762/bjnano.11.120

76.Reynaerts, R.; Mali, K. S.; De Feyter, S. Beilstein J. Nanotechnol.
2020, 71, 1291-1302. doi:10.3762/bjnano.11.113

77.Sdngen, H.; Jaques, Y. M.; Spijker, P.; Marutschke, C.; Klassen, S.;
Hermes, |.; Bechstein, R.; Zivanovic, L.; Tracey, J.; Foster, A. S.;
Klhnle, A. Beilstein J. Nanotechnol. 2020, 11, 891-898.
doi:10.3762/bjnano.11.74

78.Daukiya, L.; Seibel, J.; De Feyter, S. Adv. Phys.: X 2019, 4, 1625723.
doi:10.1080/23746149.2019.1625723

79.Cui, X.; Troadec, C.; Wee, A. T. S.; Huang, Y. L. ACS Omega 2018, 3,
3285-3293. doi:10.1021/acsomega.8b00014

80.Zhang, H. G.; Sun, J. T; Low, T.; Zhang, L. Z.; Pan, Y.; Liu, Q,;
Mao, J. H.; Zhou, H. T.; Guo, H. M.; Du, S. X.; Guinea, F.; Gao, H.-J.
Phys. Rev. B 2011, 84, 245436. doi:10.1103/physrevb.84.245436

81.Mao, J.; Zhang, H.; Jiang, Y.; Pan, Y.; Gao, M.; Xiao, W.; Gao, H.-J.
J. Am. Chem. Soc. 2009, 131, 14136—14137. doi:10.1021/ja904907z

82.Maccariello, D.; Garnica, M.; Nifio, M. A.; Navio, C.; Perna, P.;
Barja, S.; Vazquez de Parga, A. L.; Miranda, R. Chem. Mater. 2014,
26, 2883-2890. doi:10.1021/cm5005467

83. Mird, P.; Audiffred, M.; Heine, T. Chem. Soc. Rev. 2014, 43,
6537-6554. doi:10.1039/c4cs00102h

84.Rothe, K.; Mehler, A.; Néel, N.; Kroger, J. Beilstein J. Nanotechnol.
2020, 71, 1157—-1167. doi:10.3762/bjnano.11.100

955


https://doi.org/10.1021%2Fnn404254y
https://doi.org/10.1007%2Fbf01317220
https://doi.org/10.1021%2Fjp3058433
https://doi.org/10.1103%2Fphysrevlett.63.1261
https://doi.org/10.1103%2Fphysrevlett.100.076405
https://doi.org/10.1021%2Facs.chemrev.6b00746
https://doi.org/10.1002%2Fanie.200904645
https://doi.org/10.1088%2F1361-6633%2Faa8fda
https://doi.org/10.1002%2Fadma.201300604
https://doi.org/10.1088%2F1361-648x%2Faab0b9
https://doi.org/10.1088%2F0953-8984%2F21%2F42%2F423101
https://doi.org/10.1126%2Fscience.aay1914
https://doi.org/10.1038%2Fs41557-018-0120-x
https://doi.org/10.1002%2Fcphc.201900312
https://doi.org/10.1002%2Fanie.201309128
https://doi.org/10.1038%2Fs41570-016-0005
https://doi.org/10.1002%2Fanie.201703509
https://doi.org/10.1126%2Fscience.1124881
https://doi.org/10.1021%2Fnl104452x
https://doi.org/10.1126%2Fscience.aax5895
https://doi.org/10.1038%2Fs41586-019-0910-3
https://doi.org/10.1021%2Fnl0487673
https://doi.org/10.1021%2Facs.nanolett.5b03725
https://doi.org/10.1103%2Fphysrevlett.92.206102
https://doi.org/10.1021%2Facs.jpclett.0c01320
https://doi.org/10.1038%2Fnphys2794
https://doi.org/10.1103%2Fphysrevlett.95.196102
https://doi.org/10.1021%2Fja4048569
https://doi.org/10.1103%2Fphysrevlett.105.217402
https://doi.org/10.1002%2Fcphc.201000531
https://doi.org/10.1038%2Fs41565-019-0614-8
https://doi.org/10.1039%2Fc4cs00377b
https://doi.org/10.1088%2F0953-8984%2F22%2F13%2F133001
https://doi.org/10.1103%2Fphysrevlett.93.196806
https://doi.org/10.1126%2Fscience.1144366
https://doi.org/10.3762%2Fbjnano.11.140
https://doi.org/10.3762%2Fbjnano.11.110
https://doi.org/10.1021%2Fja800286k
https://doi.org/10.3762%2Fbjnano.11.120
https://doi.org/10.3762%2Fbjnano.11.113
https://doi.org/10.3762%2Fbjnano.11.74
https://doi.org/10.1080%2F23746149.2019.1625723
https://doi.org/10.1021%2Facsomega.8b00014
https://doi.org/10.1103%2Fphysrevb.84.245436
https://doi.org/10.1021%2Fja904907z
https://doi.org/10.1021%2Fcm5005467
https://doi.org/10.1039%2Fc4cs00102h
https://doi.org/10.3762%2Fbjnano.11.100

Beilstein J. Nanotechnol. 2021, 12, 950-956.

85. Yousofnejad, A.; Reecht, G.; Krane, N.; Lotze, C.; Franke, K. J.
Beilstein J. Nanotechnol. 2020, 11, 1062—1071.
doi:10.3762/bjnano.11.91

86.Schaal, M.; Aihara, T.; Gruenewald, M.; Otto, F.; Domke, J.; Forker, R.;
Yoshida, H.; Fritz, T. Beilstein J. Nanotechnol. 2020, 11, 1168-1177.
doi:10.3762/bjnano.11.101

87.Zimmermann, D. M.; Seufert, K.; Dordevi¢, L.; Hoh, T.; Joshi, S.;
Marangoni, T.; Bonifazi, D.; Auwérter, W. Beilstein J. Nanotechnol.
2020, 71, 1470—1483. doi:10.3762/bjnano.11.130

88.Brilke, C.; Bauer, O.; Sokolowski, M. M. Beilstein J. Nanotechnol.
2020, 71, 1663—1684. doi:10.3762/bjnano.11.149

89. Hurdax, P.; Hollerer, M.; Egger, L.; Koller, G.; Yang, X.; Haags, A.;
Soubatch, S.; Tautz, F. S.; Richter, M.; Gottwald, A.; Puschnig, P.;
Sterrer, M.; Ramsey, M. G. Beilstein J. Nanotechnol. 2020, 11,
1492-1503. doi:10.3762/bjnano.11.132

90. Xiang, F.; Schmitt, T.; Raschmann, M.; Schneider, M. A.

Beilstein J. Nanotechnol. 2020, 11, 1516—1524.
doi:10.3762/bjnano.11.134

91.Rahe, P. Beilstein J. Nanotechnol. 2020, 11, 1615-1622.
doi:10.3762/bjnano.11.144

92.Zuzak, R.; Szymonski, M.; Godlewski, S. Beilstein J. Nanotechnol.
2021, 712, 232-241. doi:10.3762/bjnano.12.19

License and Terms

This is an Open Access article under the terms of the
Creative Commons Attribution License
(https://creativecommons.org/licenses/by/4.0). Please note

that the reuse, redistribution and reproduction in particular
requires that the author(s) and source are credited and that
individual graphics may be subject to special legal
provisions.

The license is subject to the Beilstein Journal of
Nanotechnology terms and conditions:

(https://www.beilstein-journals.org/bjnano/terms)

The definitive version of this article is the electronic one
which can be found at:
https://doi.org/10.3762/bjnano.12.71

956


https://doi.org/10.3762%2Fbjnano.11.91
https://doi.org/10.3762%2Fbjnano.11.101
https://doi.org/10.3762%2Fbjnano.11.130
https://doi.org/10.3762%2Fbjnano.11.149
https://doi.org/10.3762%2Fbjnano.11.132
https://doi.org/10.3762%2Fbjnano.11.134
https://doi.org/10.3762%2Fbjnano.11.144
https://doi.org/10.3762%2Fbjnano.12.19
https://creativecommons.org/licenses/by/4.0
https://www.beilstein-journals.org/bjnano/terms
https://doi.org/10.3762/bjnano.12.71

	Acknowledgements
	ORCID iDs
	References

