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Abstract: zero-dimensional (0D), mono-dimensional (1D), or two-dimensional (2D) nanostructures
with well-defined properties fabricated directly on surfaces are of growing interest. The fabrication
of covalently bound nanostructures on non-metallic surfaces is very promising in terms of applica-
tions, but the lack of surface-assistance during their synthesis is still a challenge to achieve the fab-
rication of large-scale and defect-free nanostructures. We discuss the state-of-the-art approaches re-
cently developed in order to provide covalently bounded nanoarchitectures on passivated metallic
surfaces, semiconductors and insulators.
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1. Introduction

On-surface chemistry, i. e. the bottom-up construction of covalent bonds between
molecular building blocks adsorbed on a surface, has been greatly developed during the
last two decades. [1-18] Indeed, the use of nanomaterials spans a wide range of sectors,
like healthcare, electronics, photonics, chemistry, energy, etc. Nanoengineered materials
are designed to have increased structural strength, chemical sensitivity, conductivity, and
improved overall properties, with great potential in materials innovation. In this perspec-
tive, the reliable elaboration of components based on nanostructured materials, with
atomically precise control over their structure and/or functionalities is still challenging.
The development of on-surface chemistry was also strongly improved thanks to the de-
velopment of scanning probe microscopies, scanning tunneling microscopy -STM- and
atomic force microscopy -AFM-, under ultra-high vacuum (UHV) [19, 20]. Most of results
have been obtained on low index metallic surfaces such as Au(111), Ag(111) and Cu(111).
This is due to the overlapping of molecular orbitals with the electronic structure of the
underlying surface which promotes surface-assisted formation of C-C bonds in terms of
oxidative addition/reductive elimination sequences or in terms of surface-assisted stabili-
zation of radicals [5]. Unfortunately, the strong interaction of the molecules with the me-
tallic 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 functionality. The cases of photonic or electronic prop-
erties are the most impacted by the overlapping between molecules and surface due to
the competition with the quenching of radiative decay and the transport through the sur-
face, respectively [21]. To circumvent these disadvantages, three main strategies are cur-
rently investigated: (i) lateral manipulation with a local probe [22], (ii) intercalation of
chemical species of the upper metal layers and (iii) the use of non-metallic surfaces. Basi-
cally, the two first ways consist in increasing the spacing between nanostructures and me-
tallic surfaces to decouple the adlayer from the metal surfaces. The third way has been
more recently developed [23-25]. It requires to tackle some important scientific challenges:
How to compensate for the lack of surface-assistance on metal substrates to cleave and
create covalent bonds? How to compensate the desorption or diffusion of all involved
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chemical species due to the weak molecule-surface interactions? In this mini-review, we
have selected a few recent articles describing some innovative solutions to achieve on-
surface chemistry on inert surfaces.

2. Results

2.1. Passivated-metal surface

2.1.1. Light-induced reactions

Light-induced reactions on inert surfaces are very promising because this type of re-
action does not necessarily require substrate electrons. The kinetics and the thermody-
namics of the photochemical transformation can be controlled precisely by means of the
duration, the intensity, and the energy of the illumination [26]. From the point of view of
on-surface synthesis, light-induced reactions occur in two approaches: (1) the formation
of photo-generated reactive species with a sufficient lifetime to diffuse on surfaces and
react with other un- or activated species or (2) a direct photochemical linking, based on
the photoexcitation of one precursor which then reacts with an adjacent molecule to lead
to a covalently bound ground state via a relaxation. In this latter case, the molecules have
to be pre-organized in the right manner to efficiently couple adjacent monomers to give
defect-free nanostructures.
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Figure 1. a) Top view of self-assembled fantrip molecules due to n—r interactions. b) 2D covalent
network obtained by a [4+4] cycloadditions of adjacent fantrip molecules. c) STM image after depo-
sition of fantrip onto hexacosane-passivated graphite following by a thermal annealing at 353 K (Vs
=-3.2V, =3 pA, 298K, 22 x 22 nm?). d) STM image obtained after UV-light illumination (Vs =-3.0
V, k=3 pA, 298 K, 9 x 9 nm?). The covalently bounded 2D-network is constituted mainly by hexa-
gons with a minor presence of pentagons and heptagons (highlighted by white polygons).
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An illustrative example of the second approach is the work done Grossmann et al.
The authors investigate the on-surface formation of extended 2D-polymers by using STM-
UHYV [27]. They chose fantrip molecules, which is a fluorinated anthracene triptycene (Fig-
ure la), as monomer. Indeed, fantrip molecules are known to efficiently photopolymerize
in the crystal state through a [4+4] cycloaddition reaction [28]. As non-metallic surface,
they chose a passivated graphite surface, obtained by deposition of a monolayer of hexa-
cosane molecules (CzsHs4). This decoupling layer is mandatory to assume the required pre-
organization of monomers. In a next step, fantrip molecules were deposited onto the
adlayer of hexacosane molecules. STM images show formation of highly-organized 2D
extended supramolecular network with the requested face-to-face arrangement of all ad-
jacent fantrip molecules. After illumination at 400 nm with a power of 50 mW during 56h,
the starting supramolecular network is converted into a new continuous hexagonal net-
work. The resulting covalent network is well organized, few defects, corresponding to
pentagons or heptagons instead of hexagons, are rarely observed. By using STM images
and local Fourier-transform infrared spectroscopy (nano-FTIR), the photopolymerization
was fully demonstrated. This method is very interesting to reach on-surface 2D-polymers.
However, this strategy is not suitable for conjugated 2D-polymers, each [4+4] cycloaddi-
tion reaction leading to unconjugated nodes between monomers.

2.1.2. On-flight activated reactions

A general procedure for the synthesis of conjugated polymers by direct C-C bond cou-
pling onto inert surfaces remains challenging, despite of many attempts. Instead of intro-
ducing an external stimulus to circumvent the lack of a chemical contribution from inert
substrate due to the absence of electronic states in the respective energy window, Galeotti
et al. propose an innovative solution [29]. Thanks to a deep analysis of the literature, they
combined two contributions: (1) organic radicals can be deposited onto a surface and then
react with pre-adsorbed monomers [30] and (2) deiodination of iodophenyl molecules oc-
curs at room temperature on an Au(111) surface [31]. Therefore, they propose to deposit
terphenyl radicals previously generated by a radical deposition source onto two passiv-
ated surfaces, Au(111)-I and Ag(111)-I surfaces [32, 33] in UHV. These two surfaces are
obtained by chemisorption of a iodine monolayer, acting as a passivating layer, onto, re-
spectively, Au(111) and Ag(111) surfaces. The iodine adlayer assumes the passivation of
the underlying metal surfaces. This radical deposition source is constituted by a heated
(500 K) gold-plated stainless-steel tube. The molecules undergo a lot of adsorption/de-
sorption steps in the tube, leading to the formation of expected terphenyl radicals (Figure
2a).
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Figure 2. a) Scheme of principle of direct deposition of organic radicals by activation during the
time-of-flight of iodinated precursors passing through a gold-plated stainless steel drift tube. b) STM
image after deposition of triphenyl diradicals and a thermal annealing at 375 K (Vs =-0.96 V, I =104
PA, 5K, 30 x 30 nm?) onto Au(111)-I surface. c) STM image after deposition of triphenyl diradicals
and a thermal annealing at 425 K (Vs =-1.19 V, It =84 pA, 5K, 100 x 100 nm?).

Then, radicals are deposited on passivated surface, held at room temperature. The
rod-like structures observed in STM images are attributed to sexiphenyl, which originates
from the dimerization of terphenyl radicals. If the surface is then annealed at 375 K, some
longer oligophenylenes are observed. This observation clearly demonstrates that ter-
phenyl radicals are stable and diffuse on Ag(111)-I and Au(111)-I surfaces, even upon mild
thermal annealing. The RDS method seems to be a very efficient way to induce radical
polymerization on passivated surfaces.

2.1.3. STM tip activated reactions

On-surface synthesis under ultrahigh-vacuum (UHV) conditions has attracted con-
siderable attention to generate new and stable molecular structures that are sometimes
impossible to address by using standard synthetic procedures, due to the confinement of
molecules onto surfaces [34] or to the induction of reaction by the injection tunneling elec-
trons with an atomic precision [35]. In this context, Kaiser et al. investigated the on-surface
synthesis of a cyclo[18]carbon [36] by using STM-UHV and AFM-UHV. Indeed, cy-
clo[n]carbons are a family of carbon allotropes. They have been widely simulated because
they have unique electronic properties. According to the literature, the prediction of these
electronic properties is strongly dependent of the employed method of simulation, lead-
ing to an intense theoretical debate [37,38]. In order to determine the best method of sim-
ulation to address these electronic properties, many attempts of cyclo[n]carbons synthesis
were done, following the conventional chemistry methods, for the purpose of experimen-
tally probing their electronic properties. The most powerful strategy is based on a masked
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alkyne equivalent incorporated into a cyclic precursor designed to generate cyclo[n]car-
bon when activated by heat or light. Despite many efforts, this type of carbon allotrope
being too reactive was impossible to isolate [39].
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Figure 3. a) Synthesis of cyclo[18]carbon by using STM tip to inject electrons and induce decarbonyl-
ation of cyclocarbon oxide adsorbed onto a NaCl bilayer deposited on Cu(111). b) AFM image of
cyclocarbon oxide at 5K. ¢) AFM image of cyclo[18]carbon at 5 K.

Alternatively, in the context of on-surface chemistry, the cyclo[18]carbon molecules
are accessible through the decarbonylation reaction of corresponding cyclocarbon oxide
[40]. Kaiser ef al. proposed to generate on a surface the cyclo[18]carbon by using cyclocar-
bon oxide which are more stable than cyclo[18]carbon [36]. To reinforce the stability of
both precursor and expected product, they deposited cyclocarbon oxide on a Cu(111) par-
tially covered with (100) oriented bilayer of NaCl held at 10 K. Each CO function was
removed by placing the STM tip in the vicinity of the molecule and by increasing the sam-
ple bias voltage to 3 V for a few seconds. This multi-step procedure led to the formation
of expected cyclo[18]carbon molecules and 6 CO molecules adsorbed on the underlying
surface (Figure 3a) as confirmed by nc-AFM performed at 5 K. Despite a long procedure
and a global yield of conversion of 13%, this method demonstrates the unique ability of
on-surface chemistry to investigate some molecules which are impossible to address by
conventional synthetic method. Despite the fact that, this method is only limited to the
transformation of a few molecules unlike other methods (light, thermal annealing) used
in on-surface chemistry, it allows high precision control over the reaction at the molecular
scale

2.2. Semiconductors

2.2.1. Silicon surfaces
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The development of on-surface chemistry on a silicon surface is still a major scientific
challenge with an industrial impact because silicon wafers are commonly used in elec-
tronic devices. Silicon crystals have a diamond structure, i.e. the atoms are sp® hybridized
and bonded to four nearest neighbors in tetrahedral coordination. Consequently, when
the crystal is cut or cleaved, Si-Si bonds are broken, creating dangling bonds at the surface
[41]. These dangling bonds are the source of the surface chemical activity of silicon sur-
faces [42]. The strong molecule-substrate interactions can decompose molecules or disrupt
the diffusion of precursors onto the surface, which prevents the formation of polymeric
nanostructures.

The 5i(001)-(2x1) : H surface is one of the first silicon surfaces which was investigated
because the hydrogen layer insures the decoupling of the molecules from the silicon sub-
strate avoiding the alteration of the electronic structure of the molecules. In their work,
Eisenhut et al. used this passivated surface to synthesize on-surface long acene molecules,
a very important class of molecule for molecular electronics and spintronics [43].
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Figure 4. a) Triepoxyhexacene (Hn30) molecules, b) STM image (Vs =-2.0 V, It =50 pA, 5K, 2.5 x 2.5
nm?) of Hn30. c) diethoxyhexacene (Hn20) molecules obtained after a thermal annealing of Hn30
and d) corresponding STM image (Vs =-3.0 V, It =15 pA, 5K, 2.5 x 2.5 nm?). e) Hexacene molecules
obtained after a thermal annealing of Hn2O, and f) STM images (Vs =-3.5 V, It = 15 pA, 5K, 8 x 2
nm?). All STM images are obtained on a 5i(001)-(2x1): H surface. The white dashed lines indicate the
dimer row direction and the black line shows the direction of the investigated molecule.

a)

c)

If long acenes are very promising due to their unique electronic properties, for in-
stance they can be considered as they constitute the narrowest zigzag graphene nanorib-
bons with potential application in spintronics [44]. Their synthesis is still challenging due
to their lack of stability and solubility [45]. One of the efficient ways to circumvent these
problems is to proceed through an on-surface chemical reaction using an appropriate
acene precursor [46]. Eisenhut et al. have investigated this strategy on a S5i(001)-(2x1) : H
surface by using STM-UHV to achieve the on-surface synthesis of hexacene on this pas-
sivated silicon surface [43]. From the point of view of synthetic chemistry, the long acenes
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are usually obtained by multi-step iterative procedure, including several aryne cycload-
ditions [46]. These aryne cycloadditions lead to the formation of bicyclic compounds with
several epoxycycles (Figure 4a). This triepoxyhexacene molecule was deposited onto
5i(001)-(2x1) : H surface by standard sublimation procedure in UHV (Figure 4b). After
thermal annealing, the triepoxyhexacene molecule was fully deoxygenated to give the
hexacene molecules (Figure 4e-f). These deoxygenative steps are very efficient on 5i(001)-
(2x1) : H surface due to the strong Si-O interaction as highlighted by DFT simulation.
These DFT simulations show that the oxygen atoms of triepoxyhexacene molecule are
pointed to the surface, promoting the C-O bond cleavage and the formation of S5i-O bonds.
Scanning tunneling spectroscopy of hexacene molecules has been also performed, show-
ing that the electronic properties of hexacene molecules are decoupled from the underly-
ing surface. This work demonstrates that on-surface chemistry on Si(001)-(2x1) : H surface
can be used to investigate the electronic properties of an in-situ generated molecule, open-
ing the way for molecular electronics or spintronic on a silicon surface.

To circumvent the problem of silicon surface reactivity with organic molecules, the
Si(111)-B V3x\3R30° surface has been used as a substrate. This surface possesses the
unique particularity to show depopulated dangling bonds due to the presence of boron
atoms underneath the top silicon layer [47]. The surface has been widely used to achieve
the formation of extended 2D-supramolecular networks [48]. However, this strategy
strongly limits the ability of the electrons to be involved in a chemical reaction between
adsorbed molecules.

Therefore, Geagea et al. propose to use the tunnel-electron of the STM junction in
order to induce a chemical reaction on a Si(111)-B V3xV3R30° surface in UHV [49]. The
authors investigate the ability of an STM-tip to generate an organic radical and initiate a
free radical polymerization process, with both steps occurring on the chosen semiconduc-
tor surface.
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Figure 5. a) Chemical pathway for the STM tip-induced transformation of 1,4-bis(pyridyl)-2,5-
bis(decyloxy)benzene (PDB-OC10) molecules into Cx alkanes on the Si(111)-B surface. b) STM im-
age (Vs=-13V, It=7 pA, 110 K, 10 x 10 nm?) of the supramolecular network constituted by PDB-
OC10 molecules on Si(111)-B surface, with the corresponding model. c) STM image (Vs =-1.3 V, It =
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7 pA, 110 K, 25 x 25 nm?) of a uncovered area of the previously observed supramolecular network
of PDB-OC10 molecules fully filled with rod-like structures released by STM tip during scanning.
These rod-like structures are attributed to Czo alkanes.

The designed molecule, 4-bis(pyridyl)-2,5-bis(decyloxy)benzene (PDB-OC10), for
this study is an aryl alkyl ether derivative since the electrochemical behavior of this type
of molecule has been studied and shown that can undergo the formation of phenoxide
anions and alkyl radicals via one-electron reduction process (Figure 5a) [50]. In addition,
it can be engineered to reinforce molecule surface interactions by adding pyridyl moieties
to the aryl based core and promote stable linear arrangements on Si(111)-B V3xV3 R30°
surface allowing more precise control while attempting to activate molecule by STM tip
(Figure 5b).

Thanks to a deep voltage-dependency analysis, the authors found that at a voltage of
-4.5 V, the dissociation of the PDB-OC10 molecule into phenoxide derivative and alkyl
radical was done successfully through a dissociative electron attachment mechanism de-
spite the absence of any catalytic assistance of the surface. The resulting alkyl radicals
were stored and then released from the STM tip on the surface. These alkyl radicals react
to form longer alkane derivatives, from dimer to hexamer, through a radical oligomeriza-
tion process (Figure 5c). Indeed, the formation of long alkanes is explained by the chain
reaction. The initiation step is the activation by a dissociative electron attachment. The
propagation is the hydrogen atom transfer reaction of an alkyl radical with another al-
kane, leading to a longer alkyl radical. Finally, radical oligomerization is ended by the
reaction between two radicals [49].

To sum up, on-surface chemistry was successfully achieved on a silicon surface by
using tunnel electron(s) to dissociate a molecule through a dissociative electron attach-
ment mechanism despite absence of any catalytic assistance of the surface. In addition,
collective production, as well as controlled number of radicals, are possible due to the
STM tip, playing a key role in stabilizing and transferring the reactive species. Conse-
quently, the amount of radical desired can be produced, stocked, and then transferred
with high precision by STM tip. Once released on the surface, alkyl radicals polymerized
to give longer alkane derivatives by a radical reaction. Due to the confinement on the sur-
face, the oligomer products possess a linear conformation (no cross polymerization like in
solution) that can be attributed to selective diffusion paths of the reactive species on
Si(111)-B surface.

2.2.2. Non-silicon based semiconductors

As described in the introduction, recent progress in the field of on-surface chemistry
is driven by the construction of complex molecular architectures via surface-assisted C-C
coupling on single-crystal metal surfaces (mainly Ag(111), Cu(111) and Au(111) surfaces)
[4-8]. The cleavage of C-Br bonds and C-H bond of polyaromatic followed by formation
of C-C bonds led to atomically precise nanographenes and nanoribbons [11]. Iodine and
chlorine atoms were also used on metal surfaces. The properties of C-F bonds are quite
different from other carbon-halogen bonds and paves the way toward a proper on-surface
fluorine chemistry [51,52]. Amsharov used these unique properties to successfully achieve
the cyclodehydrofluorination of fluoarenes on bulk metal oxides. He found that Al:Os,
TiOz, In203 and ZrO: are the most active oxides in cyclodehydrofluorination reactions. He
also proposed a mechanism for metal oxide mediated intramolecular cyclization via HF
elimination [53]. On the basis of his work, he then investigated the ability of this strategy
to give carbon nanostructures in a fully controllable manner directly on insulating metal
oxide surfaces.
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Thermal annealing

670 K, 10 min

Figure 6. a) Chemical pathway for the thermal-induced transformation of dibenzolij,rst]phenan-
thro[9,10,1,2-defg]pentaphene (DBPP) into hexabenzocoronene (HBC) on the rutile TiO2(011)-2x1
surface. b) STM image of DBPP (Vs=2.0 V, I:=10 pA, 298 K, 13 x 10 nm?). c) STM image (Vs=2.5V,
I:=50 pA, 298 K, 9 x 7 nm?) of HBC molecules obtained after a thermal annealing of DBPP molecules.

Kolmer et al. began by the investigation of intramolecular cyclodehydrofluorination
on rutile TiO2 surface by using STM-UHYV [54]. In order to demonstrate the ability of their
method to give nanographene, they chose to synthesize the hexa-
benzo[bc,ef,hi kl,no,qr]coronene (HBC), an archetype of nanographene molecule, which
has been efficiently obtained in UHV conditions on Cu(111) surface [55]. One of the key-
points of the programmed cyclodehydrofluorination is the close proximity of C-F and C-
F targeted bonds. This was assumed thanks to the smart design of molecular precursor
(Figure 6a). However, after deposition on the rutile (011) surface, the molecular precursors
adopt several geometries due to the flexibility of the substituents. Despite of this observa-
tion, the thermal annealing (10 min, 670 K) led to the formation of expected HBC mole-
cules. This result demonstrated the cyclodehydrofluorination reaction on a rutile TiO2 sur-
face. In addition, the observation of the last intermediate (those with two remaining hy-
drogen atoms, Figure 6a) indicates that, on the TiO2 surface, the cyclodehydrogenation is
possible but it is the limiting step of the process, with a higher activation barrier than
cyclodehydrofluorination reaction [54].

This work represents very important starting point for the growth of graphene nano-
ribbons on metal oxide surfaces. However, the lack of catalytic activity of the metal oxide
surface demands alternatives for the cyclodehydrogenation reaction, which is required to
give the expected graphene nanoribbons.

Correspondingly, Kolmer et al. proposed one year later, an efficient way to elaborate
graphene nanoribbons on rutile TiO2(011) surface [56]. The synthetized a molecular pre-
cursor, 10,10"-dibromo-1',4'-difluoro-9,9":10',9"-teranthracene, including three anthra-
cenyl moieties, which is the carbon-based skeleton of GNR, two bromine atoms for the
growth of the main axis of the GNR and two fluorine atoms in order to promote the aro-
matization required for the formation of the expected GNR (Figure 7a).
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Figure 7. a) Chemical pathway for the thermal-induced polymerization of 10,10"-dibromo-1',4'-
difluoro-9,9':10',9"-teranthracene (DBDFTA) into 7-armchair graphene nanoribbon on the rutile
TiO2(011)-2x1 surface. b) STM image (Vs=2.5V, It =10 pA, 298 K, 13 x 6 nm?) of 7-armchair graphene
nanoribbon (highlighted with a white arrow) obtained after a thermal annealing of DBDFTA mole-
cules. Thermal annealing leads also to the formation of side-products, as shown with the red arrow.

A thermal annealing (10 min, 670 K) led to the formation of elongated nanostructures
adsorbed on the rutile surface. Electronic properties, determined by scanning tunneling
spectroscopy in UHV and lateral manipulation, are in good agreement with the on-surface
synthesis of GNRs. By comparison to those obtained on metal surfaces, these nanoribbons
are shorter (below 10 nm) but their interaction with the (TiO2) substrate electrons is very
weak because the quasi-particle gap is close to the value expected for the free-standing
GNR.

To sum up, highly selective and sequential activations of C-Br, C-F bonds, and cy-
clodehydrogenation are efficient on the TiOz surface and could constitute a very promis-
ing way to elaborate atomically precise carbon nanostructures on other semi-conductors.

2.3. Bulk Insulators

A major challenge for future device fabrication consists in the development of on-
surface chemistry onto bulk insulator surfaces, because it is mandatory to decouple the
electronic structure of the functional organic nanostructures from those of the underlying
surface. However, if the band gap of the bulk insulators is very interesting in terms of
electronic decoupling, it also strongly alters the ability of these surfaces to be involved in
the chemical synthesis. Therefore, adapted external stimuli are required to induce the
chemical transformation of adsorbed molecules into new compounds.

2.3.1. Thermal-induced polymerization

In their work, Richter et al. investigated the thermal-induced polymerization of a di-
acetylene derivative on the calcite (10.4) surface by using AFM-UHV [57]. Diacetylene
molecules are based on the alternance of two carbon-carbon triple bonds, which can be
efficiently polymerized into the corresponding diacetylene polymerized chain, one of the
seminal conductive polymers [58]. This polymerization has been previously investigated
on different kinds of surface [59,60], except on bulk insulators.

To achieve the polymerization on a (10.4) calcite surface, the authors designed a mol-
ecule based on a diacetylene core surrounded by two carboxylic functional groups (Figure
8a). As the (10.4) calcite surface is ionic, the molecules are H-bonded onto the surface
thanks to the hydrogen bonds between COOH-moieties of molecules and calcite car-
bonate of the surface. This molecule-surface interaction being very strong, the resulting
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supramolecular network is commensurable with the surface, with a (1x3) superstructure
(Figure 8b), as demonstrated by means of AFM images in UHV and DFT simulations.

a)

485K, 1h

b) c)

Figure 8. a) Chemical pathway for the thermal-induced polymerization of 3,3’-(1,3-butadiyne-1,4-
diyl)bisbenzoic acid into a poly(substituted)diacetylene chains. b) AFM image (50 x 50 nm?) of self-
assembled 3,3'-(1,3-butadiyne-1,4-diyl)bisbenzoic acid molecules on the calcite (10.4) c) AFM image
(50 x 50 nm?) recorded after thermal annealing of 3,3’-(1,3-butadiyne-1,4-diyl)bisbenzoic acid mole-
cules.

In this supramolecular network, the carbon-carbon triple bonds of adjacent mole-
cules are perfectly aligned along the calcite [010] axis, which is required to achieve the
polymerization of these triple bonds. After thermal annealing at 485 K during 1h, the fea-
tures observed in the AFM images have been strongly modified (Figure 8c). Instead of
compact islands, single bright stripes still oriented along the calcite [010] axis are ob-
served. The periodicity inside each bright line is of 0.5 nm. All the observations support
that the initial supramolecular networks have been transformed into the corresponding
1D diacetylene polymerized chain due to the thermally-induced reaction between carbon-
carbon triple bonds. The resulting 1D chains of polymer are still oriented to the calcite
[010] axis, because of the electrostatic interaction of carboxylic groups with the underlying
ionic surface. In addition, the 1D chains of polymer are stable on the surface for several
days when they are stored at room temperature in UHV.

This method leads to the formation on 1D-conductive polymers carried out on a bulk
insulator surface. The key-point is the pre-organization of monomers in supramolecular
networks in a periodic arrangement, which is in agreement with the polymerization of
carbon-carbon triple bonds of adjacent molecules. This is due to strong molecule-surface
interaction. However, if this strong interaction is an advantage to assume the formation
of stable polymers, it is detrimental to the formation of long polymer chains because the
diffusion of molecular precursors is strongly inhibited by this interaction. This is the main
reason for justifying the formation of polymers with a length below 60 nm. Therefore, the
development of other strategies to increase the length of polymers is required.
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2.3.2. Light-induced polymerization

As mentioned previously, light-induced reactions are a convenient way to circum-
vent the lack of reactivity of passivated surfaces. In their work, Para et al. combine the
advantages of side-product-free photochemistry, efficient template effect of insulating
substrate, and for the first time, a radical chain reaction [61]. This unique combination
leads to the formation of 1D-polymers with a defect-free structure of up to 10’000 mole-
cules (1 um in length). Each of these parameter plays an important role to achieve this
polymerization.

After deposition of dimaleimide molecules onto KCI(100) surface in UHV, the mole-
cules diffuse over several hours on this ionic surface kept at room temperature and form
a two-dimensional gas phase before slowly dewetting into larger multilayer crystallites.
Biradical monomers are formed upon UV illumination due to homolytic photo-cleavage
of the C=C bond of one of the two maleimide rings. As long as unexcited monomer pre-
cursors diffuse on the surface, they can react with the UV-generated biradical monomers
to form a biradical dimer by chain-growth process until the formation of the ultra-long
fibres (Figure 9a). The structure of the fibres formed is very regular and well oriented
along the crystallographic axes of the KCl (100) substrate, as investigated by AFM, which
indicates that the fibres are defect-free over large distances (Figure 9b). This is supported
by the interaction of ionic substrate (KCI(100)) and properly chosen polar end groups
(C=0). This interaction is involved in the growth of the 1D covalent fibers along a well-
defined direction of the ionic substrate (Figure 9c), but also in the formation a 2D diluted
gas phase of precursor molecules on the substrate surface at room temperature.

a) 0\ 10 o\ o | e 0
7 o2 O o k% o2
b)

Figure 9. a) Chemical pathway for the light-induced polymerization of N,N'-(1,4-phenylene)dimalei-
mide into a poly(N-substituted)dimaleimide chains. b) AFM image (1000 x 1000 nm?) of a long fibres
of poly(N-substituted)dimaleimide on a KCI(001) surface. c) Zoom of b) (20 x 10 nm?) showing a

384
385

386

387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408

409

410

411
412
413



zig-zag structure. This reflects a topological rumpling of the fibre due to a coincidence of every
fifth molecule with the fourth cation along the KCI(001) crystal axis

Photo-induced radical chain polymerization is a very efficient method to generate
large-extended, defect-free polymer fibres on insulating substrates. The two key parame-
ters to increase the size of the resulting structure are (i) the UV-light intensity (number of
nucleation sites created), and (ii) the tuning of molecule-surface interaction to control the
diffusion of monomers and template effect of the substrate.

4. Conclusions

On-surface synthesis provides new possibilities to form highly-stable and atomically-
defined nano-structures that exhibit desired electronic, optical, catalytic, and other prop-
erties. The spatial confinement of on-surface reactions gives access to entirely new reac-
tion pathways and allows to guide the size, the shape, and the nature of the formed struc-
tures. The challenge one has to accept to overcome the limitations of low quality (exten-
sion and number of defects) and inhibited functionalities when using metal substrates is
complex. A simple transition of the already well-known reactions which work on metal
substrates to passivated substrates is impossible since on passivated substrates, the cata-
lytic effect of the metal substrate is absent and the relatively high annealing temperatures
applicable on metals cannot be used on passivated substrates due to the relatively low
molecule-substrate interaction, which results in the desorption of molecules instead of the
bond formation. Therefore, many outstanding results have been recently obtained in the
field of on-surface chemistry onto inert surfaces. Covalently bonded nanostructures are
accessible by combining the smart design of precursors and external stimuli (light, elec-
trons and annealing) for each type of passivated surfaces.

Furthermore, the development of new analytical methods to fully describe on-surface
reactions could be a possible route for advancing the field in the future. Indeed, despite
their ability to resolve internal bonding structure, the bottleneck to fully characterizing
the on-surface reactions is that STM or AFM are chemically insensitive. To overcome this
lack of information, techniques such as infrared (IR) coupled with the AFM and Tip-En-
hanced Raman Spectroscopy (TERS) to perform Raman spectroscopy on the nanometer
scale could greatly improve on-surface chemistry studies in UHV, in the upcoming days.
Finally, we believe that the current efforts carried out by the surface synthesis community
will increase in order to improve the techniques for the synthesis of covalent nanostruc-
tures on low-reactive surfaces and demonstrate their importance in terms of applications
to incorporate into future technologies.
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