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Abstract

On-surface synthesis has rapidly emerged as a most promising approach to prepare functional
molecular structures directly on a support surface. Compared to solution synthesis, performing
chemical reactions on a surface offers several exciting new options: Due to the absence of a solvent,
reactions can be envisioned that are otherwise not feasible due to the insolubility of the reaction
product. Perhaps even more important, the confinement to a two-dimensional surface might enable
reaction pathways that are not accessible otherwise. Consequently, on-surface synthesis has attracted
great attention in the last decade, with an impressive number of classical reactions transferred to a
surface as well as new reactions demonstrated that have no classical analogue.

So far, the majority of the work has been carried out on conducting surfaces. However, when aiming
for electronic decoupling of the resulting structures, e.g., for the use in future molecular electronic
devices, non-conducting surfaces are highly desired. Here, we review the current status of on-surface
reactions demonstrated on the (10.4) surface of the bulk insulator calcite. Besides thermally induced
C-C coupling of halogen-substituted aryls, photochemically induced [2+2] cycloaddition has been
proven possible on this surface. Moreover, experimental evidence exists for coupling of terminal
alkynes as well as diacetylene polymerization. While imaging of the resulting structures with dynamic
atomic force microscopy provides a direct means of reaction verification, the detailed reaction
pathway often remains unclear. Especially in cases, where the presence of metal atoms is known to
catalyze the corresponding solution chemistry reaction (e.g., in the case of the Ullmann reaction),
disclosing the precise reaction pathway is of importance to understand and generalize on-surface
reactivity on a bulk insulator surface. To this end, density-functional theory calculations have proven
to provide atomic-scale insights that have greatly contributed to unravel the details of on-surface
synthesis on a bulk insulator surface.

Keywords: on-surface synthesis, molecular electronics, bulk insulator, calcite, electronic decoupling,
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1. Introduction

On-surface synthesis has emerged as a very promising approach to prepare functional molecular
structures directly on a supporting surface [1-3]. In contrast to molecular self-assembly, which relies
on the formation of reversible bonds [4], on-surface synthesis aims for creating covalent bonds
directly on the surface of interest. Thus, long-term stable structures can be created that hold great
promise for applications, e.g., for surface functionalization and molecular electronics. On-surface
synthesis opens up the possibility to create molecular structures that might not be feasible by classical
solution chemistry due to the limited solubility of the products. This is why it is highly interesting in
the context of fabricating graphene nanoribbons with tailored electronic structure for future molecular
electronics devices [5, 6]. Perhaps even more exciting, the confinement of the molecular precursors
upon adsorption onto a surface might enable novel reaction pathways that might not exist in solution.
At present, however, many details of on-surface synthesis including potential new reaction pathways
await their discovery.

In 2000, K.-H. Rieder and coworkers have presented a pivotal study carried out in ultrahigh vacuum
(UHV) [7], inducing all steps of a classical Ullmann coupling reaction [8] with the tip of a scanning
tunneling microscope (STM), creating biphenyl from iodobenzene precursor molecules on a Cu(111)
surface. Another key example using the STM tip to initiate an on-surface reaction has been diacetylene
polymerization on graphite, which results in conjugated structures that are highly interesting for
creating electrically conductive contacts on a surface [9, 10]. Recently, even triangulene, which has
not been isolated before due to its reactivity, has been demonstrated to be synthesized upon tip-
induced dehydrogenation of a precursor molecule [11]. However, using the STM tip to initiate a
reaction is very time-consuming and, thus, likely to be limited to fundamental studies. In contrast,
when using photochemical or thermal initiation, on-surface synthesis can be performed in a parallel
manner.

One of the first examples demonstrating the thermal initiation of an on-surface covalent linking has
been presented by L. Grill and coworkers in 2007 [12]. In this study, an Ullmann-like reaction has
been performed using bromine substituted porphyrin molecules on Au(111). Depending on the number
of substitutions, dimers, linear chains or extended networks have been obtained. Later, the same group
has extended their strategy by inducing a hierarchical approach, which makes use of the different aryl-
halogen bond strength when comparing bromine and iodine substituted porphyrins [13]. This idea
allows for a controlled step-by-step linkage of the molecular precursors, which greatly enriches the
library of the resulting structures. By now, ten years after Grill’s seminal work, a multitude of
different reactions — both homo- as well as cross-couplings — have been proven possible on various
conducting substrates, including Ullmann-like coupling [12-16], cyclodehydrogenation [17], Glaser-
like coupling of terminal alkynes [18-22], condensation reactions — e.g., boronic acid-based chemistry
[23-25] and imine [26] as well as polyimide [27] and polyamide [28] network formation —
cycloaddition [29] as well as click [30] and deoxygenation reactions [31, 32]. Both the promising
potential of on-surface synthesis in future applications and the gain in fundamental understanding
alike have stimulated an impressive number of studies in the field of on-surface synthesis.

Still, the vast majority of the above-mentioned studies has been carried out on metal surfaces, with
only few exceptions being highly oriented pyrolytic graphite [14, 22] and semiconductor surfaces [33,
34]. This limitation to metal substrates is mainly due to the fact that STM is frequently used for
imaging the resulting structures. Moreover, also many other complementary surface science
characterization methods rely on the use of an electrically conductive sample, so metal substrates have
been a natural choice from an experimental point of view. In the context of on-surface synthesis,
another, perhaps even more important, aspect needs to be considered: Many of the above-mentioned
reactions that have been transferred form solution chemistry, such as Ullmann or Glaser coupling, are
known to be catalyzed by the presence of metal atoms. Thus, also from this fundamental point of view,
metal substrates have shown superior performance in on-surface synthesis and it is proven that the



choice of the specific substrate has a significant impact on the reaction [14]. However, especially in
the context of applications in future molecular electronic devices, electrically non-conducting
substrates are interesting as they allow for decoupling of the molecules’ electronic structure from the
underlying support surface. This is mandatory for avoiding leakage currents, e.g., in molecular wires,
when synthesizing a conjugated molecular structure directly on a surface. A very successful solution is
using thin insulator films, as thin insulating films still allow using the STM for imaging [35-39], but,
at the same time, greatly reduce — or even eliminate — possible leakage currents. However, this
approach requires an additional step of preparing the thin film and it has so far been restricted to a
rather limited class of insulator materials. In fact, a vast majority of the above-mentioned studies has
been conducted on thin films of sodium chloride, with only very few exceptions such as xenon [11].
Thus, it remains highly interesting to extend the existing insights to bulk insulator substrates. With the
advent of scanning force microscopy, it has become possible to collect atomically resolved images of
bulk insulator surface, providing the option to explore on-surface synthesis on bulk insulators as well.

So far, however, transferring the developed on-surface synthesis strategies to bulk insulator surfaces
has posed great experimental challenges. Besides the above-mentioned fundamental limitations in
initiating the reaction in the absence of a catalytically active metal, yet another practical limitation has
proven to pose substantial hurdle to on-surface synthesis on bulk insulators, which is the weak
interaction of the precursor molecules with prototypical insulator surfaces as compared to metal
surfaces [40, 41]. Because of this weak interaction, which can be related to the low surface energy of
many insulator surfaces, many molecules are prone to desorption at temperatures lower than those
needed to initiate an on-surface reaction. This is why substantial effort has been put into designing
precursors that, besides possessing a reactive site for on-surface linkage, also feature a functional
group that can act as an anchor towards the surface. In this respect, the bulk insulator calcite has been
proven to be an advantageous substrate, for which experimental evidence has been presented
demonstrating several on-surface reactions carried out in UHV [2].

As on-surface synthesis in UHV is a rapidly growing research field, this review cannot provide a
comprehensive list of studies regarding on-surface synthesis, but will be limited to examples carried
out on the natural cleavage plane of calcite. It is intended to give a concise overview of the reactions
that have been tested on this surface experimentally and provide a state-of-the-art theoretical insight
into a specific system to address the challenging question as to why C-C coupling is possible even in
the absence of catalytically active metal atoms.

2. Materials and Methods

2.1. Calcite (10.4) and Organic Precursors

In this topical review, the current status of on-surface synthesis on the (10.4) natural cleavage plane of
calcite, a bulk insulator with a band gap of about 6 eV [42], is presented. The surface is composed of
calcium cations and carbonate anions as shown in the model in figure 1a. There are two different
orientations of the carbonate groups in the surface plane; this is why the surface unit cell consists of
two calcium ions and two carbonate groups. Besides the identity, the (10.4) surface possesses only one
symmetry operation, which is a glide reflection.
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Figure 1. (a) Model of the calcite (10.4) cleavage plane. The surface unit cell consists of two calcium
ions and two carbonate groups. (b) Compilation of the molecules discussed in this review. The scale
bar applies to both subsets.

As molecular precursors, small organic molecules have been used. The structural models of all
molecules discussed here are given in figure 1b. The proof-of-principle for on-surface C-C coupling
has been presented using halogen substituted benzoic acid derivatives [43], namely 2,5-diiodobenzoic
acid (DIBA), 2,5-dichlorobenzoic acid (DCBA), 3,5-diiodosalicylic acid (DISA), and 4-iodobenzoic
acid (IBA). The latter molecule has been intensively studied in a theoretical investigation to elucidate
the details of the reaction pathway [44]. Moreover, the C-C coupling of precursors possessing two
different halogen substitutions has been studied to achieve sequential linking using 2-(4-
bromophenyl)-6-(4-chlorophenyl)pyridine-4-carboxylic acid (BPCPPCA) [45]. Next, photochemical
initiation has been tested using Ceo [46]. Diacetylene polymerization has been shown using 3,3'-(1,3-
butadiyne-1,4-diyl)-bisbenzoic acid (3BBA) [47] and homocoupling of terminal alkynes with 4,4"-
diethynyl-[1,1":4',1"-terphenyl]-2',5'-dicarboxylic acid (DETDCA) molecules as precursors.

2.2. Experimental Methods: Dynamic Atomic Force Microscopy and Sample Preparation

For all images shown in this work, dynamic atomic force microscopy (AFM) [48] carried out in UHV
using the frequency modulation mode was used, as this technique allows for high-resolution imaging
of insulator surfaces. To this end, a modified variable-temperature scanning force microscope from
ScientaOmicron (Taunusstein, Germany) was used. Cantilevers from Nanosensors (Neuchatel,
Switzerland) with eigen-frequencies in the order of 300 kHz and force constants of about 40 N/m were
excited to oscillate with typical oscillation amplitudes of 5-10 nm. The calcite crystals were purchased
from Korth Kristalle (Kiel, Germany) and prepared in vacuo to arrive at an atomically flat and clean
(10.4) surface. Prior to molecule deposition, the surface cleanliness was checked by AFM imaging. All
precursor molecules were sublimated in vacuo onto a freshly prepared surface. Home-built Knudsen
cells were used for this purpose. The required sublimation temperatures were determined in a separate
UHV chamber by sublimation onto a quartz crystal microbalance.

2.3. Theoretical Method: Density-Functional Theory Calculations

Theoretical calculations for the systems presented in this work [44, 47, 49-51] are based on ab initio
Density Functional Theory (DFT) [52-55]. The analysis of the mechanisms of on-surface synthesis
first includes an identification of stable adsorption geometries of molecular units on the substrate
(monomers, dimers, chains, 2D networks, etc.), i.e. precursors, products and intermediate states.



Second, investigations include the calculation of minimum energy paths and activation energy barriers
associated with possible reactions on the surface. The most probable mechanism will be the one
having the lowest energy barrier. In the works presented here, these two steps were accomplished,
first, by relaxing the DFT forces acting on the whole molecule-substrate system and, second, by
performing Nudged Elastic Band [56, 57] calculations. The latter allow to characterize the energy
landscape of the surface, the molecular diffusion and the reactions mechanisms. Calculations of
geometries and reaction paths were performed at T=0 K [44, 47, 49, 50], while temperature effects
were monitored in some cases via ab initio molecular dynamics [47, 50]. Several packages were used,
including CP2K [58], Quantum-ESPRESSO [59] and VASP [60], within different pseudopotential
schemes [61-63] and the GGA-PBE exchange-correlation functional [64]. Dispersion corrections were
included at Grimme-D2 [65] and D3 [66] levels.

3. Molecule-Surface Interactions: How to Anchor the Precursor?

As mentioned above, a critical issue when exploring on-surface synthesis on a bulk insulator surface is
the comparatively weak binding of the molecular precursors to many bulk insulator surfaces. This fact
can be rationalized by considering the respective surface energies. Compared to metal surfaces having
typical surface energies in the range of 1000 to 2000 mJ/m2 prototypical insulators such as alkali
halides have an order of magnitude smaller surface energies [40]. In this respect, calcite (10.4) is
different from other ionic crystal surfaces, as it exhibits a surface energy of 590 mJ/m2 when
considering the bulk-truncated surface in UHV [67]. From the surface composition of calcite (10.4), it
is evident that electrostatic anchoring to the positively charged calcium ions and the negatively
charged carbonate groups is possible. Moreover, from the three oxygen atoms of the carbonate groups,
one is below, one in and one protruding the plane defined by the carbon atoms. The protruding oxygen
atoms are prone to form bonds, and they are known to offer the option for hydrogen bond formation
with hydroxy groups. Therefore, the carboxylic acid group has been identified as a suitable anchor
functionality, where the negatively charged carbonyl oxygen interacts electrostatically with a surface
calcium atom while the hydroxy group forms a hydrogen bond towards the protruding oxygen atom of
a neighboring carbonate group [51] (figure 2a). DFT calculations [51] have shown that the formation
of this hydrogen bond is associated with the hydrogen atom of the carboxylic acid group moving
closer toward the protruding oxygen atom of the surface as perhaps expected from the fact that calcite,
being the salt of a weak acid, acts as a base. The binding motif of the carboxylic acid group towards
calcite favors an upright position of the molecule to optimize the interaction with the surface [68].
However, even when enforcing a flat-lying orientation (figure 2b) of the carboxylic acid group by the
residual part of the molecule as in the case of biphenyl-4,4'-dicarboxylic acid (BPDCA), the molecule-
surface interaction remains strong enough to observe a templating effect of the calcite substrate due to
a preferential binding of the carboxylic acid groups onto the surface [69]. To illustrate the impact of
the carboxylic acid group, we can compare adsorption experiments of benzene and iodobenzoic acid:
While benzene is known to desorb already at about 190 K [70], benzoic acid and iodobenzoic acid are
stable on the surface held at room temperature.

Due to the great success with using the carboxylic acid group as an anchor functionality, all molecules
discussed here except for Cgo are equipped with one or two carboxylic acid groups. For Ceo, the size of
the molecule and, consequently, its polarizability appear to be large enough to allow for sufficiently
strong van-der-Waals interactions. Besides the carboxylic acid group, also other anchor functionalities
can be envisioned such as ester and amide groups or nitrogen in aromatic heterocycles; however, these
are not exploited in the studies reviewed here.
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Figure 2. Binding configuration of a carboxylic acid group onto calcite (10.4) in an upright position

(a) and lying flat (b). Note that (a) is based on DFT calculations as published in [51], while (b) is a

sketch based on the calculations shown in [50]. Reprinted (adapted) with permission from [50].

Copyright (2016) American Chemical Society.

4. Proof-of-Principle: Demonstration of Aryl-Halide Coupling on Calcite (10.4)

In the classical Ullmann coupling reaction [8], an iodine is cleaved off from a phenyl ring, creating a
radical. The cleavage of the bond having a strength of about 270 kJ/mol is catalyzed by the presence of
copper atoms. In the second step, two phenyl radicals combine to form a biphenyl. After impressive
demonstrations of the Ullmann coupling on various metal surfaces [12, 14, 16, 71], it has been realized
that on-surface synthesis of molecular wires requires electronically decoupling of the molecular
electronic structure from the support surface. Therefore, C-C coupling of aryl-halides on the (10.4)
surface of the bulk insulator calcite has been explored [43]. To this end, simple benzoic acid
derivatives have been studied as they allow for a systematic change of both the number and the
position of halogen atom substitutions. Moreover, by changing from iodine to bromine and chlorine,
the binding strength can be tuned (figure 3).
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Figure 3. Benzoic acid derivatives as a simple building block for on-surface C-C coupling. Depending
on the number and position of the halogen atom substitutions, dimers, linear as well as zigzag rows of
the molecules can be created. By changing the nature of the substituted atom from iodine to bromine
or chlorine, the required reaction temperature can be changed, which opens up a possibility to explore
step-wise synthesis reactions.

4.1. Dimerization

When using IBA — having one iodine substitution in para position — as a molecular precursor, the on-
surface synthesis of the respective dimer, BPDCA, is expected upon C-C coupling. To investigate this,
IBA molecules have been deposited onto calcite (10.4) held at room temperature. The precursor



molecules are highly mobile on calcite (10.4) and cluster at step edges [72]. As can be seen in figure
4a, the precursors form an ordered structure that is assumed to be governed by intermolecular
hydrogen bond formation. Mild annealing of the substrate to about 500 K is required to arrive at
another ordered structure (figure 4b), which is characterized by an increased molecule-substrate
interaction. In analogy with the binding of a similar molecule to calcite explored in detail by DFT
calculations [51], we believe that here, in this wetting layer, the intermolecular hydrogen bonding is
broken in favor of a molecule-surface binding, and the molecule’s hydrogen atom is expected to be
donated to the protruding oxygen atom of the surface. Upon further annealing to 580 K, the structure
again changes substantially. Now, rows composed by side-by-side aligned entities exist on the surface
(figure 4c). From this image it becomes apparent that the calcite substrate is decisive for the alignment
of the rows, which are oriented along the [42-1] substrate direction. In the high-resolution image given
in figure 4d a single row is shown simultaneously with the atomically resolved calcite surface. In this
image, the expected reaction product upon IBA dimerization, namely BPDCA, is superimposed as
ellipses onto the molecular features, indicating that the expected reaction indeed took place.
Interestingly, this side-by-side aligned structure can also be found when depositing BPDCA on the
surface directly [69], giving further evidence for the fact that the observed rows are composed by the
C-C coupled reaction product. However, depositing BPDCA on the surface directly results in a second
structure that coexists with the rows formed by side-by-side aligned molecules. In this second
structure, the molecules interact in a head-to-tail fashion, indicating that intermolecular hydrogen
bonding prevails in this second structure. The absence of the second structure after on-surface
synthesis of BPDCA from the precursor IBA can be readily rationalized by the fact that the barrier to
break intermolecular hydrogen bonds is overcome already during the first annealing step.

Figure 4. (a) Calcite surface after deposition of IBA. Images reprinted (adapted) with permission from
[72]. Copyright (2013) American Chemical Society. (b) Upon annealing to about 500 K, the
intermolecular hydrogen bonded network breaks and a wetting layer is formed that is governed by
hydrogen bonds between the molecules and the substrate. (c) Structure as obtained after annealing to
580 K. (d) High-resolution image showing a molecular row and the atomic structure of the surface
simultaneously. BPDCA molecules are superimposed as ellipses to illustrate the envisioned side-by-
side alignment of the dimerized IBA molecules. Images (b) to (d) reprinted (adapted) with permission
from [43]. Copyright (2011) American Chemical Society.

4.2. Extended Row Formation

To give further evidence for the C-C coupling of aryl-halides, the number, position and nature of the
halogen substitution has been changed. When increasing the number of iodine atoms at the benzene
ring from one to two, extended rows are expected instead of dimers. A confirmation of this approach
has been performed using DIBA, having the iodine atoms in 2- and 5-positions, i.e., at the opposite
sides of the ring. Consequently, a linear row should be formed upon C-C coupling. Depositing DIBA
on the calcite (10.4) surface held at room temperature results in the formation of an ordered wetting
layer (figure 5a). A substantial structural change can be induced by annealing the substrate above 530
K. Now, rows are formed that are aligned along the [42-1] substrate direction (figure 5b). A zoom in
one of these rows given in figure 5c reveals an internal structure with a repeat distance of 0.4 nm



(figure 5d). From this repeat distance, the C-C coupling of the DIBA precursors is deduced, as the
distance fits to what would be expected upon covalent linkage.
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Figure 5. (a) Calcite surface after deposition of DIBA. An ordered wetting layer is formed. (b) Upon
annealing above 530 K, a substantially different structure is formed, which is characterized by rows
running along the [42-1] direction. (c) High-resolution image showing the internal structure of the
row. The line profile given in (d) is taken along the direction indicated in (c). Images reproduced
(adapted) with permission from [43]. Copyright (2011) American Chemical Society.

For a molecule having two reactive sites, the position of these sites can be varied and, thus, the
geometry of the resulting structures can be tuned. This has been done with DISA, having the iodine
substitutions in 3- and 5-positions. Consequently, a zigzag structure should be possible along with
other geometries depending on the specific arrangement of the precursors as illustrated in figure 6a.
When depositing DISA onto calcite (10.4) held at room temperature, a highly ordered wetting layer is
obtained (figure 6b). Annealing the sample to 580 K induces a significant structural change. Now,
irregular-shaped islands exist on the surface as shown in figure 6¢. The rather irregular structure can
be understood from the fact that several linking geometries are possible as mentioned above. However,
when zooming into the region marked in figure 6¢, a zigzag structure is revealed (figure 6d), which fits
excellently in its dimensions with the expected structure as illustrated by the superimposed model.



Figure 6. (a) Possible structures upon C-C coupling of DISA. (b) Highly ordered wetting layer
obtained after depositing DISA onto calcite (10.4) held at room temperature. The inset shows a zoom
into the (1 x 1) superstructure. (c) Upon annealing to 580 K, a structural change is revealed. The
molecular structure has changed significantly. (d) A zoom onto the region marked in (c) reveals a
zigzag structure. The superimposed model illustrates the perfect size match with the expected
covalently linked structure. Images reproduced (adapted) with permission from [43]. Copyright (2011)
American Chemical Society.

4.3. Detailed Reaction Mechanism: Why Does It Work in the Absence of Metals?

The phenyl-halide bond strength increases when exchanging iodine by chlorine (phenyl-Cl: 397
kJ/mol versus phenyl-I: 268 kJ/mol). Thus, when using DCBA instead of DIBA, a similar reaction is
expected; however, the structural transition might require higher temperatures. This is indeed the case,
as a temperature of 565 K is needed for a DCBA row formation as compared to 530 K for DIBA [43].
However, the simple comparison of the bond strength with the temperature needed to induce radical
formation is perhaps misleading, as a classical Ullmann coupling is catalyzed by the presence of
copper atoms. The herein reported temperatures required to induce the radial formation are by far too
low to allow for cleavage of a bond with a strength in the order of 300-400 kJ/mol. Therefore, it is
obvious that a specific reaction mechanism has to be at play, which facilitates bond cleavage of these
molecules adsorbed on calcite (10.4) even at relatively moderate temperatures. To address this
interesting finding and to elucidate the specific reaction mechanism, DFT calculations have been
carried out using IBA as a model molecule [44].

As mentioned in section 4.1, the annealing at 580 K of IBA molecules on calcite leads to the formation
of chains of dimers oriented along [42-1] (figures 4c and d). Recent DFT and Nudged Elastic Band
calculations [44] have focused on the phenyl-iodine cleavage mechanism, assuming that the
corresponding energy barrier dominates the energetics of the whole chains formation process.

The DFT relaxed dimer configuration in figure 7a is the final product of the reaction. To reach this
configuration, two dehalogenations must take place, with an overall energy cost that must be strongly
reduced if compared to the one of a single IBA dehalogenation in the gas phase (calculated to be 306
kJ/mol [44]). By comparing a set of minimum energy paths involving different initial states, two
exothermic reaction mechanisms have been found, with strongly reduced energy barriers: the first,
realized by a sequence of independent dehalogenations, and the second, where two molecules
dehalogenate in a cooperative way, within a unique process.



In the first mechanism (figure 7b) a flat molecule undergoes a single dehalogenation on the surface
with a barrier of 169 kJ/mol [44]. This strong barrier reduction is due to the IBA chemisorption upon
dehalogenation and the concomitant single iodine adsorption on the substrate. Clearly, subsequent
molecular diffusion of two dehalogenated IBA molecules is necessary for the dimerization, which is in
turn facilitated by the recombinative desorption of I, molecules. The recombination makes the whole
process thermodynamically favorable thanks to the large entropic contribution of the I, gas.
Importantly, due to the molecular chemisorption, the insulating surface clearly plays a catalytic role, in
the total absence of a metallic catalyst.

In the second mechanism (figures 7c and d), two molecules face each other in an upright
configuration. The double dehalogenation is facilitated thanks to a cooperative mechanism: the cost of
the first deionization (involving the iodine i1) is reduced, as the second iodine (i2) is first “exchanged”
and then “shared” between the two molecules. The subsequent i2 detachment is facilitated by the I,
molecule recombination in the gas phase, while the dehalogenated IBAs dimerize. The energy barrier
of this nontrivial process is 178 kJ/mol [44], comparable to the one of the first mechanism. In this
second case, however, there is no surface chemisorption. However, the substrate serves as a two-
dimensional support to guarantee the molecular confinement, thereby providing the necessary
conditions for the reaction to occur. The latter would be hardly met in a three-dimensional
environment, again emphasizing the crucial role of the insulating surface.
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Figure 7. (@) IBA dimer configuration, final product after a dehalogenation reaction. (b) and (c,d)
Minimum paths and energy barriers of two main mechanisms of IBA dehalogenation on calcite (10.4)
[44]: (a) Independent mechanism: single molecules dehalogenate and chemisorb on the substrate
before dimerization. The iodine adsorption is also visible. (c,d) Cooperative mechanism of double
dehalogenation, as described in the text. In this case, the key factors facilitating the reaction are the
two asynchronous dehalogenations, the exchange and sharing of the iodine atoms during the
detachments from the molecules, and the I, recombination. Reaction coordinate numbers correspond



to the intermediate molecular configurations shown. Images reproduced (adapted) with permission
from [44]. Copyright (2017) American Chemical Society.

4.4. Towards Hierarchical Reactions Using Step-Wise C-C Coupling

Exploiting different temperatures to induce the cleavage of the aryl-chlorine and aryl-bromine bond as
mentioned above has been proven successful using the precursor molecule BPCPPCA [45]. This
molecule is equipped with an iodine and chlorine substitution. When depositing the molecule on the
calcite (10.4) surface held at room temperature, molecular islands with a (2 x 4) superstructure are
formed on the surface (figure 8a). Due to the glide reflection symmetry of the surface, these islands
exist in two mirror domains. Within the islands, brighter areas have been observed that have
tentatively been ascribed to the second layer [45]. A first structural change could be induced upon
annealing the sample to 570 K. A representative image of the sample after this first annealing step is
given in figure 8b. Instead of ordered islands, row-like structures with a specific orientation with
respect to the underlying substrate are found on the surface. From the size and the orientation of these
rows it appears plausible that the precursors have underwent a first linking reaction upon homolytic
cleavage of the bromine atoms. As the precursor is L-shaped, this reaction should result in the
formation of S- or U-shaped dimers. The row structure formed after annealing suggests that
predominantly S-shaped dimers assemble in rows. As envisioned from the molecular design, a second
structural transition can be induced when annealing to 610 K. After this annealing step, two different
structures have been obtained on the surface as given in figure 8c. These two structures perfectly
match in size and orientation with what would be expected when further linking the S-shaped and the
U-shaped dimers. When linking the S-shaped molecules, a zigzag structure should be formed, which is
given in the superposition in figure 8d. For this zigzag structure, the orientation with respect to the
surface is not random, as the carboxylic acid anchor requires specific surface sites. The experimentally
observed orientation is special in the sense that this orientation ensures the same adsorption position
for all carboxylic acid moieties in the zigzag structure. For the closed-ring structure (figure 8e), it is
not possible to arrive at an orientation, which accommodates the same adsorption site for all four
carboxylic acid groups. This might explain why the rings have been imaged with a somewhat
asymmetric structure. The precise match of the obtained structures with what has been encoded in the
precursor structure provides convincing experimental evidence for the fact that the two-step linkage
has been successful. As such, this example demonstrates that also on calcite, a two-step reaction is
possible, opening up an exciting option for sequential linkage with site- specificity, which is important
for a further hierarchical design of complex molecular structures.
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Figure 8. (a) As-deposited structure of BPCPPA on a calcite (10.4) surface held at room temperature.
Two mirror domains of (2 x 4) islands are formed. (b) After annealing to 570 K, a first structural



change is observed. (c) Upon a second annealing step at 610 K, two other structures are formed,
namely a zigzag structure (d) and a closed-ring structure (e). The models are given to illustrate the
adsorption sites for the carboxylic acid groups. Images reproduced (adapted) with permission from
[45]. Copyright (2013) American Chemical Society.

5. Exploring Further On-Surface Reactions

The demonstration of aryl-halide coupling presented in the previous section constitutes a first proof-
of-principle for on-surface synthesis on the bulk insulator calcite. However, for on-surface synthesis it
is desirable to extent the toolbox of possible linking reaction. Moreover, using annealing to initiate the
reaction can be difficult for molecules that anchor only weakly onto the surface. Furthermore, as many
molecules are deposited by sublimation from a crucible, molecules that are prone to react upon
annealing might undergo a linking reaction already in the crucible. Therefore, it is interesting to
explore on-surface reactions, stimulated in a different way. Here we shall consider reactions that can
be initiated photochemically.

5.1. Photochemical [2+2] Cycloaddition of Cg on Calcite (10.4)

The first demonstration of a photochemically initiated reaction on a calcite (10.4) surface has been a
[2+2] cycloaddition of Cep [46]. This reaction is known from bulk Ceo [73] and has been shown on
metal and semiconductor surfaces [74-76]. When deposited onto calcite (10.4), Ceo forms ordered
islands with a [2 x 15] superstructure [41], as shown in figure 9a and b. The lattice mismatch between
the Ceo islands and the calcite lattice gives rise to a moiré pattern, which is manifested by stripes
running along the [010] direction. As a moiré pattern is very sensitive to slight changes in the lattice
spacings, it serves as an indicator for changes in the Ceo-Cgo distance. Upon irradiation with a 405 nm
laser diode, the moiré pattern becomes aperiodic and eventually vanishes as shown in the image series
in figure 9c. Interestingly, dark rows appear in the layer (indicated by red arrows in the last image in
figure 9c), which are predominantly aligned along the [010] direction. These rows have been
explained by the gaps that originate when two Ceo molecules move closer to form a bond. As most
gaps are aligned along the [010] direction, the majority of the Cgo-Cso bonds formed are not oriented
along [010], but form an angle of 60° to this direction. This preferential direction of the bond
formation can be understood from the lattice mismatch with the underlying substrate. As illustrated in
figure 9d, the lattice mismatch in [42-1] direction can be reduced when forming a Ceo-Cgo bond along
the direction marked with an a. Before reaction, this distance is about 1 nm, which means that the
distance b is 0.93 nm. When forming a Ceso-Ceo bond, the distance a is reduced to a”, which is about
0.9 nm. This distance reduction implies that the distance b’ is now 0.8 nm, which results in a perfect
match with the unit cell dimension along the [42-1] direction. Therefore, this work has demonstrated
that the choice of the underlying lattice in on-surface synthesis can be used to control the direction in
which the reaction proceeds.
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Figure 9. (a) Image showing Cg islands on calcite (10.4). Image adapted with permission from [41].
(b) Proposed model explaining the superstructure and the origin for the observed moiré pattern. (c)
Image series showing the changes induced upon irradiation of the film with a 405 nm laser diode. (d)
Model explaining the preferential reaction direction by a reduction in the lattice mismatch. Images (b)
to (d) adapted with permission from [46].

5.2. Diacetylene Polymerization

For contacting functional molecular structures on surfaces, diacetylene polymerization (see scheme in
figure 10a) has been suggested as a suitable way to produce conjugated molecular wire-like structures
on surfaces [77, 78]. Therefore, inducing a diacetylene polymerization on a bulk insulator surface has
been explored using 3BBA as precursor molecules [47]. Deposited onto calcite (10.4) held at room
temperature, 3BBA forms islands with a (1 x 3) inner structure that is composed of rows running in
the [010] direction as given in figure 10b. DFT calculations have provided insights into the
arrangement of the molecules within these islands, which is governed by a molecule-molecule
interaction via the aromatic rings. Interestingly, in this arrangement, the molecules adopt a relative
orientation and spacing that is required for the diacetylene polymerization [79]. Upon annealing or
irradiation, the island structures have been shown to change considerably (figure 10c). Now, single
molecular rows are found on the surface, which are imaged with a smaller apparent height as
compared to the above-mentioned islands. When zooming in, a highly periodic inner structure of the
rows can be resolved as shown in figure 10d. This row structure fits in size with what is expected
when forming a diacetylene polymerized strand, as can be seen from the overlay shown in figure 10e,
which is based on DFT calculations. The DFT calculations have revealed a by 0.1 nm smaller height
of the polymerized strands as compared to the unreacted assembly, which nicely agrees with the fact
that the newly formed single rows have been imaged with a smaller apparent height than the initial
3BBA islands. Thus, the experimental images together with the DFT calculations have provided
strong evidence for a successful initiation of a diacetylene polymerization on calcite (10.4).
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Figure 10. (a) Diacetylene reaction scheme. (b) Image showing the as-deposited structure of 3BBA on
calcite (10.4). (c) Image showing the structural changes upon annealing the sample to 485 K. (d)
Zoom in a molecular row. (e) Row structure with superimposed DFT model. Images (b) to (e) adapted
with permission from [47].

5.3. Coupling of Terminal Alkynes

Terminal alkynes are known to undergo a homocoupling reaction, which is related to Glaser coupling
in solution synthesis [80]. On various metal surfaces, this reaction has been proven possible as a
promising route to construct rigid linear linkers [18-21, 81, 82]. For homocoupling of terminal alkynes
on calcite (10.4), DETDCA has been chosen as a precursor [83]. This molecule is equipped with two
ethynyl groups, which are intended for the on-surface homocoupling. Additionally, it features two
carboxylic acid anchors to prevent desorption before reaction. Two different deposition routes have
been tested, referred to as low-temperature and high-temperature deposition. For the low-temperature
deposition method, the crucible with the molecules has been heated to about 355 K, while a crucible
temperature of about 445 K has been used for the high-temperature deposition method. In both cases,
the sample surface has been kept at room temperature. After low-temperature deposition of DETDCA
onto calcite (10.4), islands have been found to be scattered over the surface as shown in figure 11a. No
inner structure has been revealed in these islands, which exhibit rather fuzzy edges (see inset),
indicating a high mobility of the precursor molecules. This interpretation has been further corroborated
by the fact that many lines exist in the image, which is a well-known sign of diffusing species on the
surface. Only after a complete monolayer has been reached, an inner structure has been resolved with
a (5 x 1) superstructure and dimensions that fit excellently to the size of the DETDCA precursors
(figure 11b). When annealing the sample after low-temperature deposition of DETDCA to 555 K, a
situation as displayed in figure 11c has been revealed. Although the overall appearance has been found
to be rather similar, two significant changes have been observed. First, the islands’ perimeters are no
longer fuzzy and no streaky features ascribed to diffusing species have been observed after annealing.
Second, the inner structure of the islands has changed, now featuring stripes with a width that
corresponds to the length of dimerized DETDCA molecules as illustrated in figure 11d. This change in
the dimensions of the inner structure suggests a dimerization of the precursors upon annealing. When
using the high-temperature deposition protocol instead, islands as shown in figure 11e have been
obtained. Interestingly, these islands exhibit an inner structure that resembles the structure found
previously after annealing the low-temperature deposited molecules, indicating the assembly of
dimers. However, a significant difference can be observed when comparing the structures seen in
figure 11e with the ones in figure 11d, which manifests in the streaky features in regions without
islands as given in the inset. These results have been explained by the fact that the high-temperature
deposition protocol results in dimerization already in the crucible [19], which is why predominantly
dimers have been deposited. However, few monomers might still be co-sublimated in this case, which
give rise to the diffusing species seen in between the islands. Upon irradiating or annealing this



structure, the streaky features in between islands have been observed to vanish (figure 11f), which is in
perfect agreement with the interpretation that annealing or irradiation of the surface results in
dimerization of the few remaining monomers. Thus, these experiments have provided compelling
experimental evidence for a homocoupling reaction of terminal alkynes on calcite.

Figure 11. (a) Image taken after low-temperature deposition of DETDCA with small surface
coverage. (b) When increasing the coverage, an inner structure has been resolved that fits the
dimension of the precursor as illustrated by the superimposed model in the inset. (c) Image obtained
upon annealing a sample after low-temperature deposition of DETDCA. (d) Zoom into the stripe
structure with superimposed ellipses that illustrate the dimerized DETDCA molecules. (e) Islands as
obtained after high-temperature deposition of DETDCA. The inset shows a zoom into this structure.
(f) Structures obtained after irradiating the high-temperature deposited islands. Images adapted with
permission from [83].

6. Conclusions

In this topical review, we have presented the current state-of-the-art in on-surface synthesis on the
bulk insulator calcite. Compared to metal substrates, on-surface synthesis on bulk insulators is
challenging due to the fact that molecule-surface binding is typically weak. This weak binding needs
to be addressed by the specific design of the precursor molecules that often have to be equipped with
anchor functionalities to prevent desorption upon reaction initiation by annealing.

By now, it has proven possible to perform aryl-halide coupling with five different precursor molecules
on calcite (10.4). For one model molecule — iodobenzoic acid — detailed DFT insights exist that
unraveled the detailed reaction pathway. These calculations have elucidated why the analogy of a
classical Ullmann reaction can be induced even in the absence of catalyzing metal atoms. The key
mechanism for this is closely related to the binding of the precursors towards the surface and their
orientation with respect to each other. The latter can result in nontrivial cooperative mechanisms of
double dehalogenation, strongly reducing the activation energy barrier. To extend the available
toolbox of possible on-surface reactions, other classical synthesis routes have been explored, including
light-induced [2+2] cycloaddition of Ceo molecules. The latter reaction has been demonstrated to be



governed by the underlying calcite lattice, demonstrating the potential to guide the reaction direction
by a suitable choice of the surface lattice. Moreover, diacetylene polymerization, which is known to
highly depend on the correct orientation and spacing of the precursors with respect to each other, has
been proven possible. Finally, also homocoupling of terminal alkynes, the analogy of a Glaser
coupling in solution synthesis, has been presented.

From these examples it becomes evident that the concepts of on-surface synthesis can be extended to
bulk insulator surfaces. Nevertheless, attention has to be paid to design suitable precursors that are
tailored to meet the special requirements associated with the chosen bulk insulator substrate.
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