Adv Polym Sci
DOI: 10.1007/12_2017_3
© Springer International Publishing AG 2017

Surface-Assisted Reaction Under Ultrahigh
Vacuum Conditions

Hong Wang, Haiming Zhang, and Lifeng Chi

Abstract Fabrication of covalently bonded molecular structures on the surface of
metal single crystals is attracting increased attention because of the special synthetic
strategies and potential applications (e.g., in molecular electronics). In contrast to
traditional organic synthesis, surface-assisted reactions have the advantages of struc-
tural control of the produced polymers/oligomers, understanding of detailed reaction
processes, and, most importantly, production of new materials that cannot be syn-
thesized by traditional methods. The types of reactants, choice of metal surface, and
initial conditions are critical parameters for control of surface-assisted reactions.
Covalent bonds formed in the reaction ensure higher mechanical and thermodynamic
stability of the produced structures compared with self-assembled monolayers
(SAMs). Some conjugated polymers are ideal candidate organic semiconductors
for next-generation carbon-based electronics. In this review, we summarize the
surface-assisted reactions reported in recent years, analyzing their mechanisms and
comparing them with the corresponding reactions in solution systems. We also
discuss the important role that the substrate surface plays in the reaction process.
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1 Introduction

Molecular self-assembly has been widely used in recent decades in the patterning of
organic molecules and functionalization of surfaces [1, 2]. In the assembly process,
molecules are collected together spontaneously through noncovalent interactions
such as van der Waals’ forces, [3, 4], hydrogen bonds [5—7], halogen bonds [8, 9],
and coordination bonds [10, 11]. Self-assembled monolayers (SAMs) on surfaces
have the advantage of forming compact molecular structures over a large area as a
result of their spontaneous and reversible growth [12]. Although weak interactions
between molecules are the key requirement for reaction reversibility, they reduce
the stability of these structures and thus restrict their application in molecular
electronics, sensors, catalysis, and molecular templates, which all require high
stability. Combination of organic molecules through on-surface reaction to produce
molecular networks or polymers is a new synthetic method in chemistry, and also
an effective way to fabricate stable two-dimensional (2D) structures on surfaces. In
contrast to reactions taking place in solution, on-surface synthesis implements a
different propagating path because of involvement of the metal surface and the
totally different reaction conditions. This kind of reaction has been named “on-
surface chemistry” or “surface-assisted reaction.” Investigation of different kinds of
surface-assisted reactions helps in obtaining deeper understanding of the process
and mechanisms. At the same time, organization of molecules using surface-
assisted reactions can be used to fabricate covalently bonded 2D structures with
higher stability. Several low dimensional molecular structures have been fabricated
through this strategy and the advantages are as follows:

1. The strength of the covalent bond (several electronvolts) is much stronger than
the weak interactions mentioned above. This kind of strong interaction in SAMs
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greatly enhances the stability of the fabricated film, reflected both in higher
mechanical strength and higher thermodynamic stability [13-15].

2. Surface-assisted reactions provide new strategies for synthesis of some new
functional materials that cannot be produced by other methods.

3. Products fabricated on metal surfaces can easily be characterized using surface
characterization techniques such as scanning tunneling microscopy (STM),
X-ray photoelectron spectroscopy (XPS), infrared spectroscopy (IR), ultraviolet
photoelectron spectroscopy (UPS), and near edge X-ray absorption fine structure
(NEXAFS).

4. Conjugated polymers/macromolecules can work as a channel for transfer of
electrons. In this case, some special electrical materials such as graphene
nanoribbons (GNRs) and molecular wires can be fabricated directly on surfaces.

Similar to traditional fabrication techniques for SAMs, surface-assisted reac-
tions are executed through bottom-up strategies. In most cases, precursor molecules
containing the required functional groups can be deposited on a substrate surface
under ultrahigh vacuum (UHV) conditions. The molecules diffuse over the surface
and form self-assembled structures driven by weak interactions between molecules.
Enough energy needs to be supplied through heating [16, 17], injection of electrons
[18-20], exposure to ultraviolet light [21-23], or other methods to activate the
cleavage of bonds in functional groups with the assistance of metal substrate. The
formed molecular radicals connect with each other to generate macromolecules or
polymers. As a result of great effort in the past decade, researchers have reported a
series of surface-assisted reactions, including some classic reactions in solution,
such as the Ullmann coupling reaction [24, 25], Glaser coupling reaction [26],
condensation of boronic acids [27], “Click” reaction [28], cyclodehydrogenation
[29], and Sonogashira coupling reaction [30], as well as some new reactions that
only take place on surfaces, such as dehydrogenation of alkanes under mild
conditions [31]. Here, we summarize some typical surface-assisted reactions that
have been reported in the last few years and analyze the important role of the
substrate surface in the reaction process. Finally, we give a vision of the future
ability to fabricate functional structures based on these reactions.

2 Advantages and Challenges of Surface-Assisted
Reactions Under UHV Conditions

Until recently, most reported surface-assisted reactions took place in a UHV
chamber. Compared with the traditional liquid environment, the advantages of
using a vacuum are very attractive, as listed below [14, 32]:

1. UHV conditions afford a perfect environment for reactions to occur, where the
ultraclean environment enables metal surfaces to remain clean at the atomic
scale. The metal substrate not only acts as a plane to support molecules, but also
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as a kind of template to locate the adsorption molecules and as a catalyst in the
reaction. Thus, the reaction ingredients can be simplified such that the precursor
molecules are the primary elements, and solvents or other catalysts are not
necessary. Furthermore, the negative influence of gases such as O, and CO, in
air can be avoided. These advantages afford an optimized path for study of
reaction mechanisms.

2. Absence of solvent allows a much larger range of reaction temperatures than for
reactions in solution. Furthermore, without the requirement for solvent as inter-
mediary in the reaction process, insoluble substances no longer restrict the
reactions. This allows a larger species of materials to be chosen.

3. The structure and morphology of products on surfaces can be detected by SPM
and other surface characterization instruments in situ. Importantly, the STM tip
can operate on the substrate surface and measure the electronic properties of
products. Additionally, a template can be used on the surface to adjust the
reaction procedure.

4. The controllable active process of reactions on surfaces allows step-by-step
study, which means that the reaction can be focused at some intermediate state
for detailed study of the reaction procedure on surfaces.

Additionally, electronic chemistry (EC) takes place in a strictly controlled
environment that also allows clean conditions and the operation of STM on
single-crystal metal surfaces in situ. Moreover, EC-STM can supply an additional
electric field on surfaces, which provides another important platform for study of
surface-assisted reactions. In fact, some reactions studied under EC conditions have
been previously reported [33-35]. In contrast to EC conditions, UHV conditions
permit activation of reactions easily by the supply of energy through different
techniques. More importantly, radicals are the basic elements in most reactions
on surfaces and are stable in UHV conditions but might be trapped by an
electrolyte.

Of course, there are some drawbacks to surface-assisted reactions under vacuum
conditions. The desorption of some byproducts (e.g. H,, H,O) from the substrate
surface under low vapor conditions and the difficulty in separation of products from
each other because of the strong interaction between molecules and substrate lead
to the nonreversible nature of these reactions. This hinders the fabrication of
flexible, self-healing, or multimorphology structures on surfaces. Furthermore,
the strong interaction between molecules and metal substrate restricts the diffusion
distance of molecules on surfaces, which increases the difficulty of fabricating
ordered covalent networks over a large scale. Additionally, applications based on
the electronic properties of the produced materials need to be carried out on
insulated surfaces, whereas surface-assisted reactions normally take place on
metal single-crystal surfaces, which remains a big challenge for potential
applications.
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3 Different Kinds of Surface-Assisted Reactions

3.1 Ullmann Coupling Reaction

Ullmann coupling is a classical reaction widely used in organic synthesis. The
reaction between aryl halides is catalyzed by copper to synthesize polymeric
phenyl. The first study was reported in 1901 by Ullmann and Bielecki, who
heated a mixture of Cu powder and iodobenzene to synthesize biphenyl [36]. Xi
et al. [37] reported the reaction of iodobenzene on a Cu(111) surface to produce
biphenyl through annealing, which was the first time realize the initiation of
Ullmann coupling was realized on a metal surface. The reaction proceeds as
follows: iodobenzene dissociates iodine atoms on a Cu(111) surface to form phenyl
radicals by heating; those phenyl radicals diffuse over the surface and combine into
biphenyl when annealed to a higher temperature [38]. In 2000, Hla et al. [18]
succeeded in synthesizing biphenyl from iodobenzene by manipulation of the STM
tip step by step on a Cu(111) surface. As shown in Fig. 1, iodobenzene molecules
deposited on a Cu(l111) surface were kept at low temperature in the vacuum
chamber. The STM tip was moved above one iodobenzene molecule and supplied
a positive voltage to cleave off the iodine atom. Two phenyl radicals were brought
together, followed by a positive voltage to combine them together. The STM tip
acted to manipulate the molecules in the reaction process and, more importantly, as
a versatile tool at the submolecule scale to detect the structure of components at
every step and reveal the detailed procedure of reaction on the Cu(111) surface.
However, the limitation is that the STM tip operation is slow and multifarious,
which make it unsuitable for large-scale fabrication.

In 2007, Grill et al. [25] reported production of poly-phenylporphyrin on an Au
(111) surface from brominated porphyrin-derived molecules through the Ullmann
reaction. In the experimental strategy, poly-phenylporphyrin was fabricated in two
different ways. First, the brominated porphyrin derivates were evaporated from the
crucible onto an Au(111) surface kept at low temperature and were subsequently
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Fig. 2 Structural formulae (a—c) and corresponding STM images (d—i) of different kinds of
brominated porphyrin-derived molecules [25]: (d, g) dimer; (e, h) molecular line; and (f, i)
molecular network

activated by heating the sample to dissociate the substituted Br atoms. The formed
radicals diffused over the surface and connected into polymers. The second method
was to evaporate molecules at a high temperature (more than 590 K) in a Knudsen
cell, where cleavage of C—Br bonds was completed; subsequent deposition of the
radicals on an Au(111) surface induced combination of those radicals. Interestingly,
the obtained polymerized structures could be controlled by adjusting the number
and position of the substituted Br atoms in the monomers. Figure 2a—c shows the
molecular structures of different precursor molecules with one, two and four Br
atoms substituted in tetraphenylporphyrin (TPP). The resulting products were
dimers, molecular wires, and molecular networks, respectively. Compared with
the tip-induced reaction, thermo-induced Ullmann reaction benefits from simplified
operation and has set a precedent for disseminating surface-assisted reactions.
Grill’s group later exchanged two of the bromine atoms for iodine atoms in the
precursor molecule Br,TPP, in which the halogen atoms can be cleaved off at
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Fig. 3 (a) Ullmann coupling reaction of 4,4”-dibromo-p-pterphenyl (Br-(ph);-Br) on a Cu(111)
surface. (b) STM topography and high-resolution image (inset) of the sample after annealing to
300 K. (c) Simulated STM image covered on the STM topography of the intermediate. (d) Top and
side views of the intermediate structure on a Cu(111) surface, obtained through DFT calculation
[41]

different temperature to explore the sequential reaction process. In this experiment,
they first deposited precursor molecules on an Au(111) surface kept at 80 K to
obtain the self-assembled structure, subsequently annealed the sample to 393 K to
produce covalently bonded molecular linear structures through cleavage of iodine
atoms, and then annealed the sample to 523 K to obtain the final product with
dissociation of Br and subsequent combination of the linear polymer chains into 2D
networks [16]. This kind of step-by-step procedure affords a new bottom-up
strategy for production of nanomolecular frameworks.

The general view of the mechanism of this surface Ullmann coupling is that
there exits an important intermediate between the dissociation of the halogen atoms
and the formation of C—C bonds. At first, researchers considered the intermediates
to be coordination structures attached by dehalogenated molecules to metal atoms
on the surface [38—40]. Later works provided more unambiguous evidence to prove
that the intermediates are stable metal-organic coordination structures linked
by molecular radicals to free metal atoms on the substrate surface. Wang et al.
[41] observed this kind of structure when they studied the Ullmann reaction of
4.4'-dibromo-p-terphenyl [Br-(ph)3)-Br] on a Cu(111) surface. Figure 3a shows the
reaction procedure of the experiment, where a set of molecular wires were detected
by STM when the sample was annealed to 300 K. As shown in Fig. 3b, a series of
bright dots can be clearly identified in every linear structure, uniformly distributed
between every two molecules. Furthermore, these molecular linear structures
possessed high stability, which even grew across the atomic steps on the surface,
and behaved similarly to the coordination structures reported previously [42]. The
authors attributed the bright dots to free Cu atoms on surface, linked by molecular
radicals. The simulated coordination structure calculated by density functional
theory (DFT) agreed well with the STM result (see Fig. 3c). At the same time,
the DFT-calculated intermediate on the Cu(111) surface in Fig. 3d shows that both
the molecules and the Cu atoms were located in the same plane, far from the
substrate surface. Additionally, in the inset of Fig. 3b, lots of bright dots can be
observed between the linear structures and were attributed to Br atoms dissociated
from the precursor molecules and adsorbed on the Cu(111) surface. The authors
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confirmed this stable metal-organic coordination structure to be the intermediate in
surface Ullmann reactions, with a Cu—C bond length of 0.211 nm. Further annealing
of the intermediates to 473 K produced covalently bonded linear polymers. Other
works have also been presented that give further evidence for the existence of
metal-linked intermediates [43—47].

One important reason for study of Ullmann coupling is the fabrication of
covalently bonded conjugated structures, such as molecular wires and organic
semiconductors. Grill et al. [48] succeeded in fabrication of a set of molecular
wires of different lengths on an Au(l11) surface by annealing the deposited
dibromoterfluorene (DBTF) to 520 K, with the longest wire being over 100 nm.
Furthermore, the STM tip can be used to drag up one side of the wire to determine
the conductance. The conjugated products can be used as organic semiconductors in
the fabrication of various organic devices by adjusting the precursor molecules to
have different configurations and symmetries [16, 49].

3.2 Schiff Base Reaction

Schiff base reactions refer to those reactions in which an amine reacts with an
oxo-compound (aldehyde and ketone) through nucleophilic addition to form the
hemiaminal intermediate, followed by dehydration to generate imine (the reaction
procedure is shown in Fig. 4a) [51]. Weigelt et al. [50] reported the first Schiff base
reaction between dialdehyde and octylamine on an Au(111) surface. Dialdehyde
molecules were first deposited on Au(l11) and then exposed to a vapor of
octylamine (p =~ 1-5 x 10® mbar). The reaction took place at room temperature
and resulted in self-assembly of the produced imines. Compared with the self-
assembled structure of imines synthesized in solution, the morphology and inner
structure of the SAMs were exactly the same, giving strong evidence for initiation
of the Schiff base reaction on the Au(111) surface. The mechanism of a surface-
assisted Schiff base reaction is different from that in solution. Normally, the solvent
plays a very important role in catalysis of the transformation from intermediate to
final product in solution, but this is impossible in a vacuum chamber. Learning from
DFT calculations, the authors estimated that the hydroxyl group in phenol acted as
acceptor/donor and, at the same time, played as the factor of solvent in the reaction
in solution. Furthermore, the DFT-calculated activation energy of this reaction is
1.17 eV, and the reaction initiated at room temperature, which is much lower than
estimated. This is a result of the catalytic effect of the Au(111) surface in reducing
the activation energy of the reaction.

More importantly, Schiff base reactions involve two reactants, which enhances
the controllability of the product structures through adjusting the precursor mole-
cules or reaction parameters. Weigelt et al. [52] tried using trialdehyde to react with
1,6-diaminohexane to fabricate covalently bonded networks. They found that the
parameters of the network (e.g., pore size and shape) can be easily adjusted by using
different amines. Furthermore, the reaction also depended on the reaction
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Fig. 4 (a) Schiff base reaction in solvent. (b) Schiff base reaction from dialdehyde and
octylamine to diimine on an Au(111) surface. (¢) STM topography of the self-assembled structure
of diamine, overlaid with the structural model [50]

conditions. For example, reactants handled using two different paths gave different
connected networks. In method A, after the deposition of trialdehyde, the sample
was exposed to 1,6-diaminohexane (p = 1-5 x 107 mbar) and subsequently
annealed to 400450 K to initiate the reaction. The products were small oligomers.
In method B, after the deposition of trialdehyde, the sample was heated to 400 K
and exposed to 1,6-diaminohexane (5 x 107° mbar). In this case, the products were
extended polymers. Comparing the two products synthesized using different pro-
cedures, the trialdehyde connected with more 1,6-diaminohexane molecules in
method B, inducing a more compact network structure. In addition to fabrication
of oligomers and anomalous polymers, a honeycomb network can also be produced
through optimizing the reaction [53].

3.3 Condensation Reaction of Boronic Acids

Condensation of boronic acids is often applied for fabrication of covalent organic
frameworks (COFs) in solution [54, 55]. More recently, this reaction has also been
used in the synthesis of surface covalent organic frameworks (SCOFs). Zwaneveld
et al. [27] first reported the fabrication of large scale 2D frameworks from conden-
sation of boronic acids on a metal surface. The reaction was initiated when the
precursor molecules 1,4-benzenediboronic acid (BDBA) reached the Ag(111)
surface at room temperature. The formed framework was detected by STM, as
shown in Fig. 5a. The pore size was 1.52 nm, agreeing with the calculated structure.
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Fig. 5 STM images of surface covalent organic framework (SCOF) structures synthesized from
different precursors on an Au(l11) surface [27]: (a) 1,4-benzenediboronic acid (BDBA); (b)
co-adsorption of BDBA and 2,3,6,7,10,11-hexahydroxytriphenylene (HHTP)

Learning from the fabrication of 3D COF structures, 2D SCOFs structure can also
be produced from multireactants. As an example, BDBA and 2,3,6,7,10,11-
hexahydroxytriphenylene (HHTP) were simultaneously deposited on an Ag(111)
surface, producing a framework with pore size of 2.98 nm. In addition to the
flexibility of controllable pore size, other advantages of the reaction using double
reactants are that the produced SCOF structure has higher stability (even annealed
to 750 K) and less defects. With the assistant of HHTP, dioxaborole formation is a
bimolecular reaction, in contrast to the trimolecular boroxine reaction, and thus
follows a more favorable kinetic path. As shown in Fig. 5b, in addition to the
majority existence of hexagons, other structures such as five-, seven-, and eight-
membered rings are also present. That is probably due to the fact that, although the
hexagon is the optimal structure in the reaction, in the experimental process some
molecules might not have enough time or space to reach the right position when the
reaction is initiated, thus inducing the formation of other structures. Meanwhile, the
produced water molecules are desorbed from the surface during the reaction
process, which causes the irreversible nature of this reaction. Consequently, all
defects created in the process are kept on the metal surface. Defects can be reduced
by optimizing the reaction conditions, such as increasing the deposition flux rate or
raising the substrate temperature to enhance transformation of molecules on the
surface [56]. It is worth mentioning that the condensation reaction of boronic acids
can be excited not only by heating, but also by an STM tip or electronic beam. This
confers the ability to control the reaction area as well as the activation
sequence [57].

3.4 Dehydrogenation

Dehydrogenation, as a convenient strategy for generating C—C coupling structures
through cleaving the C—H bond directly with the assistance of catalytic metals, is
widely used in standard organic synthesis. To break a C—H bond, an activation
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Fig. 6 STM images of self-assembled and polymerized structures formed by dotriacontane
(C3,Hgp) [31]: (a) self-assembled structure on an Au(110)-(1 x 2) surface at 300 K; (b) parallel
polyethylene chains on a reconstructed Au(110)-(1 x 3) surface at 440 K

energy of more than 4.5 eV is needed [58]. However, on a single-crystal metal
surface, especially one with high reactivity, the cleavage energy can be significantly
reduced. For example, on a Cu(110) surface, tetra(mesityl)porphyrin (TAP) mole-
cules dehydrogenated in the methyl group form a combinatorial mixture of covalent
nanostructures when annealed to 423 K [59]. Furthermore, Zhong et al. [31]
succeeded in combining alkane molecules into linear polymers on the more
‘inert” Au surface. Dotriacontane (C3,Hgg) was deposited on reconstructed Au
(110)-(1 x 3) surface and subsequently annealed to 440 K. One of the H atoms in
every methyl was dissociated from the alkyl chains, combined into H,, and released
into the vacuum chamber. The alkyl radicals moved along the grooves and
connected with each other to generate linear alkane polymers. The self-assembled
structure as well as the polymerized alkyl chains are shown in Fig. 6. In compar-
ison, this reaction did not occur on an Au(111) surface. DFT calculation shows that
the selected polymerization is a result of the special structure of reconstructed Au
(110)-(1 x 3) surfaces. The grooves of the Au(110)-(1 x 3) surface enhanced the
interaction between molecules and substrate, which reduced the energy barrier for
dehydrogenation. More importantly, the grooves restricted the movement of mol-
ecules on the surface, limiting molecules to a “head-to-tail” connection mode. The
benefit of producing polymers through dehydrogenation is the clean synthetic
process, because only H; is produced as byproduct in this reaction and is released
from the surface immediately after combination of H atoms, affecting neither the
formation of product nor the substrate surface activity. More recently, the poly-
merization of porphyrin molecules through cleavage of C—H bonds on an Ag(111)
surface was reported [60].

3.5 Cyclodehydrogenation

Cyclodehydrogenation is a common method for fabricating planar aromatic struc-
tures in solution [61]. AlCl; or FeCl; is normally used as catalyst for cleaving
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neighboring C-H  bonds.  Analogously, @C-C  coupling through
cyclodehydrogenation can also be carried out to synthesize monolayer GNRs or
graphene nanoplates on metal substrate surfaces. For example, Cai et al. [62]
fabricated GNRs from 10,10/-dibromo-9,9’-bianthryl (DBBA) precursor mono-
mers. The experimental procedures are shown in Fig. 7a. The authors deposited
DBBA on an Au(111) surface and subsequently annealed to 473 K to generate the
tortuous connected linear polymers via Ullmann reaction. A consecutive second
annealing step at 673 K was executed to transfer the linear polymers into GNRs via
cyclodehydrogenation. The produced GNRs were imaged by STM and are shown in
Fig. 7b. The type of nanoribbon obtained is related to the choice of precursor
monomers. As an example, a chevron-type GNR fabricated from tetraphenyl-
triphenylene monomers is shown in Fig. 7c. More recently, the fabrication of
other GNRs with much more complicated structures has been reported
[63, 64]. Bjork et al. [65] analyzed the cyclization mechanism through DFT
calculation and explained the detailed procedure for cyclodehydregenation of
anthracene polymer. Hydrogen atoms are first adsorbed on the metal surface,
subsequently cleaved off by the catalytic substrate, combined into H, with other
hydrogen atoms, and desorbed from the surface. On the other hand, the molecular
radicals connect with each other spontaneously to generate GNRs. Interestingly,
only one energy barrier exists in the cyclodehydregenation process in a single
chain. The formation of GNR proceeds from one end of the linear chain. After
activation of the first molecule, subsequent energy barriers are reduced, which
induces the cyclodehydregenation to propagate unit-by-unit through the entire
polymer in a domino-like fashion. Treier et al. [66] studied the
cyclodehydrogenation process of cyclohexa-o-p-o-p-o-p-phenylene on a Cu(111)
surface by STM and DFT calculation and found that the reaction contained six
steps, in which two intermediates were stable enough to be detected by STM.
Fullerenes, as special carbon materials, have been extensively used for various
biomedical applications and are mostly obtained through vaporization of graphite.
Researchers are continuously searching for routes to avoid uncontrolled procedures
[67]. A promising path is to catalyze the cyclization of planar precursors. This
strategy has the advantages of mild conditions and predesigned products. Further-
more, various fullerenes and their derivatives that cannot be produced in other ways
can be synthesized by this method. There are also obvious disadvantages of this
method, such as low efficiency and complicated operation [68, 69]. However, the
synthesis is simplified when taking place on noble metal substrate surfaces, where
the precursor molecules can be reproduced into fullerenes or fullerene derivatives
through spontaneous cyclodehydrogenation. For example, open-cage Cs;H33N3
precursor molecules were deposited on a Pt(111) surface and annealed to 750 K
to generate ball-shaped Cs;N3 molecules. The benefits are not only the simplified
experimental procedure, but also enhanced yield, from less than 1% in solution to
about 100% on a surface [29]. Figure 8a, b shows STM images of the precursor
molecules Cs7H33N;3 adsorbed on a Pt(111) surface. Because of the strong interac-
tion between molecules and Pt surface, the molecules rotate into a special state to
reduce the distance between the hydrogen atoms and Pt surface. Subsequently, the
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Precursor monomer ‘Biradical’ intermediate

Fig. 7 Strategy for synthesis of graphene nanoribbon (GNR) and STM images of two kinds of
GNR [62]: (a, b) GNRs synthesized from 10,10'-dibromo-9,9'-bianthryl (BDDA) on an Au(111)
surface; (¢) GNRs fabricated from 6,11-dibromo-1,2,3,4-tetraphenyltriphenylene monolayer
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Fig. 8 STM images of Cs;H33N3 and Cs7H33N5 on a Pt(111) surface [29]: (a) high resolution and
(b) large area STM images of Cs7H33N5 deposited on a Pt(111) surface; (c) high resolution and (d)
large area STM images of the produced Cs;Nj; after annealing at 750 K

C-H bond was cleaved by the substrate in the annealing process, inducing cycli-
zation of the molecules into Cs;N5. Figure 8c, d shows STM images of the produced
Cs7Ns. It is noteworthy that the strong interaction between molecule and substrate
acts as a crucial factor in the reaction. For comparison, annealing the same
precursor molecules on an Au(111) surface, which has a low adsorption interaction
with Cs7H33Nj3, resulted in very low yield (less than 1%). Consequently, the strong
interaction induced deformation of the Cs;N5 cages. STM measurement showed the
diameter of the formed Cs;Nj3 to be 1.5 nm and the height 0.38 nm. Amsharov et al.
[70] pointed out that the transformation from precursor to fullerene is not a random
combination of inner functional groups, but an ordered process in which hydrogen
atoms dissociate and the radicals formed are connected step by step, without any
rearrangement of C—C bonds. This means that the type and structure of the
produced fullerene or derivative is only dependent on the structure of the precursor.
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3.6 Glaser Coupling Reaction

Glaser coupling was first reported in the 1860s and is catalyzed by cuprous salts in
alkaline solution [71]. This kind of reaction can also take place on single-crystal
surfaces. Zhang et al. [26] first reported the Glaser reaction on Ag(111) surfaces in
2012. The scheme of the reaction process is shown in Fig. 9a. By depositing 1,3,5-
triethynyl-benzene (TEB) on an Ag(111) surface kept at 170 K, the self-assembled
structures shown in Fig. 9c were obtained. Because the molecules might desorb
from the surface before the initiation of reaction in the annealing process, the TEB
was directly deposited on an Au(111) surface held at 330 K. A new self-assembled
structure composed of dumbbell-like molecules was obtained, as shown in Fig. 9d.
Analysis of these structures by STM and DFT calculation, enabled the dumbbell
like structures to be attributed to coupled TEB molecules. In contrast to the
Ullmann reaction, XPS characterization and DFT calculation both showed that
there is no analogous intermediate such as C—Ag—C in the reaction procedure.
During on-surface Glaser coupling, two neighboring alkynyl groups combine
together first, followed by the cleavage of H atoms to form a dimer. Another
precursor molecule of larger size, 1,3,5-tris-(4-ethynylphenyl)benzene (Ext-TEB),
was also investigated. The self-assembly structure shown in Fig. 9e was obtained
when Ext-TEB was deposited on an Ag(111) surface at 152 K. Subsequent
annealing to 300 K produced dimer structures. When the sample was further
annealed to a higher temperature (400 K), another new covalent bonded network
was obtained (shown in Fig. 9f). Moreover, Eichhorn et al. [72] observed several
different underlying reaction schemes when they studied the coupling of
1,4-diethynylbenzene on a Cu(111) surface. In this case, it was difficult to control
the polymerization path by adjusting experimental parameters such as annealing
temperature or time. Gao et al. [73] introduced hexyl groups into the aromatic ring
to enhance steric hindrance between molecules to prevent creation of other poly-
mers, and succeeded in generating linear polymerized chains on an Ag(111)
surface, which was thought to be impossible using conventional organic synthesis.
However, the substrate material also affects the selectivity of this reaction. It was
found that Glaser coupling is more efficient on Ag(111) surfaces than on Au(111)
and Cu(111) [23].

3.7 Sonogashira Coupling Reaction

The Sonogashira reaction is a crosscoupling reaction used in organic synthesis to
form C—C bonds and has also been implemented on metal surfaces by Kanuru et al.
[30]. Phenylacetylene and iodobenzene were co-deposited on a 90 K Au(111)
surface and subsequently annealed to 200 K to generate the polymerized
diphenylacetylene. XPS and NEXAFS characterization were applied to find the
mechanism of this reaction. After the deposition of two precursor molecules, they
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Fig. 9 (a) Scheme of Glaser coupling reaction on a metal surface. (b) Molecular structures of
1,3,5-triethynylbenzene (TEB) and 1,3,5-tris-(4-ethynylphenyl)benzene (Ext-TEB). (¢, d) STM
images of TEB deposited on an Ag(111) surface kept at 170 K (¢) and 330 K (d). (e, f) STM
images of Ext-TEB deposited on Ag(111) kept at 152 K (e) and annealed to 400 K (f). The inset
shows the high-resolution image with a structural model [26]
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coupling reaction on an
Au(111) surface [30]
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both adsorbed on the surface in planer state, forming separated self-assembled
structures because of their different adsorption behaviors on the Au(111) surface.
The annealing process induced cleavage of the I atom on iodobenzene, while the
produced phenyl radicals reacted with phenylacetylene located at the boundary of
neighboring phenylacetylene islands (reaction scheme is shown in Fig. 10). Com-
pared with the reaction in solution, the absence of Pt and base promoted the Au
atoms to act as base, inducing a different reaction procedure. In this case, only the
reactants located at the boundary possessed the ability to initiate Sonogashira
coupling, whereas the inner iodobenzene/phenylacetylene islands initiated the
Ullmann reaction/Glaser coupling. On-surface Sonogashira coupling had a low
yield of about 10%, but it should be possible to increase this by expanding the
boundary area of the two kinds of islands.

Furthermore, Sonogashira coupling reactions are very sensitive to the properties
of the substrate surface. On Au(111), the coupling process prefers to occur on a flat
surface, because the low coordinated Au sites on a rough surface can cause
decomposition of the adsorbed phenylacetylene molecules. In contrast, Sanchez-
Sanchez et al. [74] reported that rough Au(100) surfaces have advantages for
Sonogashira coupling. The difference is a result of the different distribution of
nucleation centers on the two kinds of surfaces. Au(100) is not suitable for
nucleation of either phenylacetylene or iodobenzene molecules to form separate
islands; thus, roughening treatment affords new nucleation centers for those mol-
ecules to grow more islands. However, on an Au(111) surface, the main nucleation
centers are herringbone reconstruction structures [75], which disappear if the
surface is roughened. In this case, the rough Au(111) surface is no longer suitable
for growth of small molecular islands.

3.8 Azide-Alkyne Cycloaddition (“Click” Reaction)

Azide—alkyne cycloaddition catalyzed by cuprous salts has attracted wide attention
because of the advantages of no byproducts and low activation energy (0.65 eV).
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Fig. 11 Scheme of azide— A.1,3-dipolar cycloaddition of azides and alkynes
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This reaction was implemented on metal surfaces by Bebensee et al. in 2013 [28]. 9-
Ethynylphenanthrene (alkyne) and 4-azidobiphenyl (azide) were simultaneously
deposited on Cu(l11) at room temperature, and spontaneously generated
1,4-triazole by 1,3-cycloaddition (the reaction scheme is shown in Fig. 11a).
Figure 11b shows the STM image of the products, where the molecules marked
by quadrangles are the formed 1,4-triazole molecules. To confirm the initiation of
this reaction, the authors compared the self-assembly structure of 1,4-triazole
produced in solution with that synthesized on a surface and found no difference
in the STM measurements. In contrast to the high yield obtained for reaction in
solution, the surface-assisted reaction gave a very low yield. XPS detection showed
that the alkyne molecules were not stable on the surface and degraded rapidly after
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reaching the surface. Most of the alkyne molecules were not integral when the
reaction was initiated. The loss of alkyne molecules induced the low reaction yield.
In the reaction taking place in solution, Cu ions act as catalyst in the cycloaddition
process. By contrast, Arado et al. [76] found that Cu atoms were not an essential
agent for cycloaddition of N-(4-azidophenyl)-4-ethynyl-benzamide (AEB) on an
Au(111) surface. Both STM detection and DFT calculation proved that the surface
only acted as a support to locate the molecules.

3.9 Other Reactions

Some other surface-assisted reactions have also been reported recently, with some
exciting examples. The formation of imide from anhydride and amine through
condensation in a 2D plane was previously considered to be impossible because
initiation of the reaction requires the amine to attack the anhydride in a nonplanar
manner. However, with the assistance of metal substrate to locate the two reactants
under high vacuum conditions, the reaction took place on a metal substrate surface
[77]. 4,4-Diamino-p-terphenyl (DATP) and 3,4,9,10-perylenetetracarboxylic-
dianhydride (PTCDA) molecules (the chemical structures are shown in Fig. 12a)
were deposited on an Au(111) surface and subsequently annealed to 570 K for
15 min to achieve the polyimide structures shown in Fig. 12b. The authors esti-
mated that it is the high transfer ability of the amine molecules that allow them to
attack the anhydride. When the substrate was heated to the critical temperature for
desorbing DATP, the diffusion of DATP on surfaces was greatly enhanced, which
increased the amount of nucleophilic attack in the reaction procedure. In this case,
2D covalent networks were fabricated by this reaction to combine 2.4,6-tris
(4-aminophenyl)-1,3,5-triazine (TAPT) and PTCDA.

Marele et al. [78] reported the condensation between 1,3,5-tri(4-hydroxyphenyl)
benzene (TPB) and benzene-1,3,5-tricarbonyl trichloride (TMC) to generate
polyester-based SCOF structures. In this work, TPB was deposited on an Au(111)
surface and heated to 575 K; exposure to TMC vapor provided honeycomb net-
works through the condensation reaction.

Bergman cyclization is an important cycloaromatization reaction, which was
first reported for on-surface synthesis in 2013 [79]. Sun et al. [80] studied the
Bergman cyclization of 1,6-di-2-naphthylhex-3-ene-1,5-diyne (DNHD) on a Cu
(110) surface and obtained linear polyphenylene chains. It was thought that the
cyclization of DNHD induced formation of diradicals on the surface, which subse-
quently combined to form polyphenylene chains. Furthermore, the movement of
precursor molecules was restricted to one direction by the Cu(110) surface, which
led to a tendency to generate long polymer chains.

Cyclotrimerization is another important method for solution fabrication of COF
crystals [81, 82]. Yang et al. [83] first introduced the method into the family of
surface-assisted reactions for production of 2D conjugated SCOF structures. Pre-
cursor molecules of 1,3,5-tris(4-acetylphenyl)benzene (TAPB) were deposited on
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Fig. 12 Chemical structures of the precursors and STM image of the products formed in
imidization condensation reaction [77]: (a) 3.,4,9,10-perylenetetracarboxylic-dianhydride
(PTCDA), 4,4'-diamino-p-terphenyl (DATP), and 2.4,6-tris(4-aminophenyl)-1,3,5-triazine
(TAPT); (b) parallel polyimide formed from annealing at 570 K of DATP and PTCDA molecules
co-deposited on Au(111)

an Ag(111) surface kept at 590 K to generate conjugated SCOF structures through
cyclotrimerization. The products were imaged by STM, as shown in Fig. 13a. The
reaction mechanism was studied by DFT calculation and XPS characterization, and
the proposed procedure is shown in Fig. 13b. To activate the reaction, one C—H
bond in a methyl group is cleaved. Then, the formed radical attacks the nearby
molecule, with subsequent dissociation of a hydroxyl to obtain a dimer. The dimer
reacts with a third molecule to produce the final trimerization product. It is worth
noting that this reaction is universal on other surfaces such as Au(111) and Cu(111),
whereas Ag(111) was the best choice because of the high mobility of the precursor
molecules on Ag surfaces.
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Fig. 13 (a) STM image of
SCOF structure formed
from 1,3,5-tris
(4-acetylphenyl) benzene
(TAPB) on an Ag(111)
surface and (b) schematic
representation of the
reaction [83]

a

4 Choice of Substrate Surface

Many surface-assisted reactions have been successfully implemented on metal
surfaces. Compared with the corresponding reactions in solution, the same products
can be synthesized from the same reactants; the difference is that they may proceed
through different reaction paths. In surface-assisted reactions, without the presence
of solvent or other catalyst, the metal surfaces play a crucial role. In fact, the basic
effect of the substrate surface is to afford a 2D plane to support adsorption and
promote the movement of precursor molecules. Additionally, the periodic elec-
tronic structures on metal surfaces can reduce the activation energy barriers of
on-surface reactions, which allows the metal surface to serve as catalyst in the
reaction process. Thus, the material and the surface orientation of the substrate both
need to be carefully chosen when designing a surface-assisted reaction.
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Fig. 14 STM images of hexaiodo-substituted macrocycle cyclohexa-m-phenylene (CHP) depos-
ited on different surfaces [84]:. (a, b) Cu(111); (c, d) Au(111); (e, f) Ag(111); inset chemical
structure of CHP

Taking the Ullmann reaction as an example, Bieri et al. [84] investigated the
influence of different surfaces on Ullmann coupling. The hexaiodo-substituted
macrocycle cyclohexa-m-phenylene (CHP) was employed as precursor, deposited
on Cu(111), Ag(111), and Au(111) and subsequently annealed to different temper-
atures to activate the reactions. On Cu(111), the reaction initiated at 475 K and
generated dendritic network structures with single-molecule-wide branches; on Ag
(111), an activation temperature of 575 K was used, and the products were extended
and well-ordered 2D networks; on Au(111), the activation temperature was 525 K
and 2D networks in small domains were obtained (shown in Fig. 14). These
differences were the result of variations in the reactivity and mobility of the three
surfaces. Cu surfaces show higher reactivity than Ag surfaces, but have a higher
diffusion barrier (2.2 eV) than Ag(111) surfaces (0.8 eV) [85]. In this case, CHP
polymerization on Cu(111) surfaces can be activated at low temperature, but the
movement of molecules is hindered by the large diffusion barrier on the surface;
thus, formation of loose polymerized structures is induced. By contrast, coupling of
CHP on Ag(111) surfaces requires a higher activation temperature because of the
low reactivity of the substrate, whereas the low diffusion barrier promotes the
formation of large-scale 2D networks. Au(111) surfaces exhibit properties between
those of Cu(111) and Ag(111) surfaces, with an activation temperature between the
two, and the formed products being a mixture of branched polymers and 2D
networks.

It is worth noting that not only the excitation conditions of reaction, but also the
proceeding paths, are related to the properties of the substrate surface. The Ullmann
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Fig. 15 STM images of 1,4,5,8-tetrabromonaphthalene (TBN) molecules deposited on Au(111)
surfaces held at different temperatures [89]: (a) 273 K; (b) 370 K; (c) 470 K

reactions on Cu(111) [41, 86] and Ag(111) [87] contain metal-organic coordination
structures as intermediates. On Au(111), only direct transformation of reactants to
the final covalently bonded structures was detected. It was thought that the C—Au—C
structure is not stable enough to be detected [24]. However, Zhang et al. [88]
successfully fabricated stable C—Au—C structures when they studied the coupling
of chlorosubstituted perylene-3,4,9,10-tetracarboxylic acid bisimides (PBIs) on Au
(111)  surfaces. Additionally, study of the coupling of 1,4,58-
tetrabromonaphthalene (TBN) proved that the C—Au—C coordination structure is
the intermediate of the Ullmann reaction on an Au(l111) surface. The authors
deposited TBN molecules on an Au(111) surface at 273 K and obtained the self-
assembled structure shown in Fig. 15a. However, the molecules desorbed before
reaching the activation temperature for Ullmann coupling on the surface. TBN
deposited on an Au(111) surface held at 370 K produced a stable coordination
structure intermediate (STM image and molecular model are shown in Fig. 15b).
Subsequent annealing of the coordination structures at higher temperatures
(400-470 K) gave GNRs with the width of only five carbon atoms [89]. Therefore,
this work proved the stability of the coordinated intermediate in the Ullmann
reaction on an Au surface, and also indicated another way to synthesize GNRs
under gentle conditions without involving the cyclodehydregenation process.

Walch et al. [90] studied the Ullmann coupling of 1,3,5-tris(4-bromophenyl)
benzene (TBB) on Ag(111) and Ag(110) surfaces to identify the effect of substrate
surface orientation. They found that the reaction only occurred on Ag(110) surfaces
and not Ag(111) surfaces at room temperature. They attributed the difference to the
higher catalytic ability of an Ag(110) surface than that of an Ag(111) surface, as
well as the unique anisotropy structure on Ag(110) surfaces that enhanced the
directional combination. Another example is the linear polymerization of alkane
molecules through dehydrogenation on Au(110) because of the special properties of
the surface, but not on Au(111) under the same conditions [31].

One important application of surface-assisted reactions is the fabrication of
conjugated 1D or 2D organic materials, which can be further used as organic
semiconductors or molecular wires in organic devices. However, until now, most
of the reactions took place on metal [23, 91] or semiconductor [92] surfaces under
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vacuum conditions. This hindered the application of such organic materials because
device fabrication requires them to be transferred from these conductive surfaces
onto insulator substrates. Stripping the organic polymers from metal surfaces
proved to be difficult, whereas directly producing the conjugated polymers on an
insulator surface seems to be difficult because of the low catalytic properties of
insulating surfaces [93]. Bombis et al. [94] tried to fabricate organic wires from
dibromoterfluorene (DBTF) on NaCl crystal surfaces and found that it is impossible
to fabricate poly(9,9-dimethylfluorene) on an NaCl surface because of the low
surface reactivity. They found a circuitous path for solving this problem, that is,
initial synthesis of poly(9,9-dimethylfluorene) on an Au(111) surface by the
Ullmann reaction followed by deposition of NaCl molecules on the sample kept
at 270 K. The NaCl crystal thin film grew under the polymer chains to give a set of
molecular wires with the middle part laid on insulating NaCl crystal films and two
ends connected with gold substrate. Later, Abel et al. [95] succeeded in fabrication
of polymeric Fe-phthalocyanine single sheet on an Ag(100) surface covered by
single layer of NaCl film through co-evaporating Fe and 1,2,4,5-tetracyanobenzene
(TCNB). More recently, researchers have explored the polymerization of molecules
on bulk insulated CaCOj3 (104) surface and obtained polymers of linear, zig-zag,
and dimer structure [96, 97]. A speculated explanation of the initiation of these
reactions is that the strong anchoring of the molecules on the substrate surface
reduces the activation barrier, although exploration of detailed mechanisms is still
in progress.

5 Outlook

In summary, we have reviewed a series of surface-assisted reactions on single-
crystal metal surfaces for preparation of various macromolecules and polymers.
Various activation methods, such as heat, exposure to light, or electron injection,
can be used to trigger reactions on metal surfaces under vacuum conditions. In these
on-surface reactions, the metal substrate plays an important role in determining the
activation barrier of the reaction and the final structure of products. In each specific
reaction, the structure of precursor molecules, substrate temperature, type of metal
substrate, and the orientation of single-crystal planes are important factors that
deserve particular concern. Compared with physisorbed SAMs, SCOF structures
are much more stable as a result of the covalently bonded connections between
molecular moieties. Such a stable and structurally controllable monolayer can be
used as a chemically protective layer for metal surfaces, and as molecular template
to selectively host guest molecules (e.g., Cgo) [98]. Specifically, conjugated struc-
tures (e.g., molecular chains and GNRs) prepared by on-surface reactions are
potential candidates for next-generation carbon-based semiconductors. Surface-
assisted reactions are still in their infancy and there are many challenges and
open questions that need to be addressed.
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First, surface-supported polymers (e.g., GNRs on metal substrate) cannot be
efficiently transferred onto insulating surfaces, which significantly impedes their
application in electronics. In contrast to the direct etching of metal substrate [99],
other possible methods can be taken into consideration, such as synthesis of the
polymer on an insulating surface. Because a bulk insulating substrate is not suitable
for STM measurements, an alternative substrate could be a metal substrate with a
thin insulating film (about 1-4 atomic thickness) on top. The insulating film can
decouple the hybridization of electrons from metal substrate and, at the same time
provide sufficient tunneling current for STM investigations. Furthermore, the
insulating film can remarkably reduce the charge transfer between organic mate-
rials and metal surfaces, enabling investigation of the intrinsic properties of the
molecules (polymers) (e.g., electronic structure and molecular vibration).

Second, there is no effective method for controlling the reaction in terms of the
pathway and the structure of products. Surface-assisted reactions frequently take
place on metal surfaces with high catalytic activity, mostly leading to the formation
of other byproducts. Byproducts are adsorbed steadily on the metal substrate and
thus limit subsequent investigation of the physical and chemical properties of the
products. Although there are several examples where high yields of the pure
product have been achieved in terms of molecule—surface interactions [16, 31, 73,
100], the methods are still not general enough to avoid byproducts in different
reactions.

Finally, the strong covalently bonded connections between molecules are a
double-edged sword. On the one hand, they provides a stable connection between
molecular moieties, but, on the other hand, they also prevent the reversibility of the
reaction. The lack of reversibility leads to the formation of random defects in
produced structures. Reduction of defects in produced polymers and exploration
of controllable synthesis of functional materials are both urgent tasks in the study of
surface-assisted reactions. Under UHV conditions, because of the irreversibility of
the reaction, defects are preserved and present in the final product on surfaces.
However, it seems possible to solve this problem using a solution system
established in air. Recently, researchers have succeeded in fabricating large-scale,
ordered and defect-free SCOF structures in the condensation reaction of boronic
acids [101] and the Schiff base reaction [102, 103] on HOPG in ambient conditions.
Those reactions proceed reversibly by controlling the surrounding environment,
which makes it possible to decrease defects in the final products. In conclusion, the
exploration of surface-assisted reactions is still in progress. Many traditional
solution chemistry reactions will be reevaluated under UHV conditions. More
importantly, practical application of the synthesized materials is still highly chal-
lenging and requires further study.
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