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Abstract

Understanding how molecules interact to form large-scale hierarchical structures on surfaces
holds promise for building designer nanoscale constructs with defined chemical and physical
properties. Here, we describe early advances in this field and highlight upcoming opportunities
and challenges. Both direct intermolecular interactions and those that are mediated by
coordinated metal centers or substrates are discussed. These interactions can be additive but
they can also interfere with each other leading to new assemblies in which electrical potentials
vary at distances much larger than those of typical chemical interactions. Earlier spectroscopic
and surface measurements have provided partial information on such interfacial effects. In the
interim, scanning probe microscopies have assumed defining roles in the field of molecular
organization on surfaces delivering deeper understanding of interactions, structures, and local
potentials. Self-assembly is a key strategy to form extended structures on surfaces, advancing
nanolithography into the chemical dimension and providing simultaneous control at multiple
scales. In parallel, the emergence of graphene and the resulting impetus to explore 2D materials
have broadened the field, as surface-confined reactions of molecular building blocks provide
access to such materials as 2D polymers and graphene nanoribbons. In this Review, we describe
recent advances and point out promising directions that will lead to even greater and more

robust capabilities to exploit designer surfaces.
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Surfaces and interfaces are particularly important at the nanoscale and often dominate the
properties of nanomaterials. Fueled by early studies of self-assembled monolayers (SAM),%?
surface science has driven many aspects of the ‘nano revolution’, offering tools and
methodologies to advance our understanding of the special properties of low-dimensional
nanomaterials and enabling their implementation in a wide range of applications. As a result, the
nano revolution has led to the development of new tools critically enabling the field of surface
science.3 From a molecular science perspective, surfaces serve as templates that facilitate the
organization of molecules. Surfaces actively interact with the molecules at the interface, altering
the properties of surface-arranged assemblies and as such have become components of devices
that rely on complex molecular arrangements; ranging from thin-film organic field-effect

transistors, sensors, to single-molecule diodes, and switches.®!

Technological development, exemplified by scanning probe microscopy (SPM)*? has opened new
perspectives and opportunities in supramolecular chemistry. Through imaging molecules and
their assemblies with sub-nanometer resolution, we have learned to guide the assembly process,
building designer supramolecular structures. State-of-the-art scanning tunneling microscopy
(STM) has given access to the analysis of surfaces with sub-nanometer resolution and enabled
visualization of molecular orbitals.'> Atomic force microscopy (AFM), at its best, can even
distinguish between single (C—C) from double (C=C) carbon-carbon bonds.***> This article focuses
on new perspectives in the molecular and surface sciences enabled by SPM. As we review new
understanding of molecular behavior on surfaces, we will give special emphasis to three
subfields: (i) surface nanopatterning via molecular self-assembly;¢2! (ii) surface-confined

reactivity, which enables the synthesis of 2D polymers and epitaxially ordered polymeric



wires/ribbons;?%?7 (iii) exploration of functional properties of individual molecules (and
macromolecules) by taking advantage of their localization/immobilization on surfaces.?83° Each
of these subfields has been separately reviewed in the past. Here, we provide an overarching

perspective focusing on the challenges and opportunities between and beyond these areas.

Discussions on the convergence of these fields began at the scientific gathering “Supramolecular
Assemblies on Surfaces: Nanopatterning, Functionality, and Reactivity” in Lanzarote, Spain
(February 2012). This initial event was followed by the homonymous symposia during the ACS
Spring meeting in Dallas (March 2014), PacifiChem 2015 conference in Honolulu (December
2015), and in a stand-alone event in Hong Kong (December 2016). The discussions and exchanges
offered the community a sense of future directions and prospects. Here, we present our vision
of this field, selecting recent key achievements and highlighting how understanding molecular

interactions at the nanoscale can impact applications of molecular materials and surfaces.

The reviewed material is structured into three sections: (1) self-assembled molecular networks,
(2) on-surface reactions and (3) functionality. The first section begins with descriptions of on-
surface assembly via: hydrogen bonding in biomolecular self-assembly, halogen bonding, dipole-
dipole interactions, metal-organic coordination, and charge-transfer interactions. It continues
with the discussion of the role of chirality and then kinetic and thermodynamic factors in on-
surface assembly. We discuss the applications of these molecular networks in switching,
nanotemplating, and as model systems for organic electronic devices, finishing with a less
explored, but important for optoelectronic applications, self-assembly on non-conducting
substrates. In the second section, we summarize the recent progress in on-surface catalytic and

dynamic polymerization, followed by syntheses of graphene nanoribbons and other exotic



molecules. We highlight the practically significant aspect of decoupling the macromolecular
structures from the substrate surface. The final part of this section presents an alternative
approach to surface reactivity where the new covalent bonds are made with the surface, rather
than between the molecules. The third section showcases three significant areas where scanning
probe microscopy on molecules self-assembled on supporting surfaces enables exploration and
elucidation of their functional properties, in nanoelectronic devices, nanomagnets, and catalytic

reaction centers.



Self-assembled molecular networks

Figure 1. Scanning tunneling microscope images of a) binary self-assembled molecular networks
(SAMN) of 1-(2-(10-ethoxydecyloxy)ethyl)-5-(2-(heptadecyloxy)ethyl)anthracene and
1,5-bis((12-methoxydodecyloxy)methyl)anthracene at the phenyloctane-highly oriented
pyrolytic graphite (HOPG) interface; b) trimesic acid on Au(111)-(22><\/3); c) binary SAMN of
3,4,9,10-perylenetetracarboxylic dianhydride and pentacene on Ag(111); d) ternary mixture of
2,3,7,8,12,13-hexahexyloxytruxenone, 1,3,5-tris(10-carboxydecyloxy)benzene, and copper
phthalocyanine at the phenyloctane-HOPG interface; e) metal-organic quasicrystalline network
formed by coordination of Eu atoms with 4,4"”’-dicyano-p-quaterphenyl on Au(111); f) Sierpinski
triangles patterns formed by coordination of Co with 4,4”-dicyano-m-terphenyl on Au(100).
Reproduced with permission from refs 3! (a), 32 (b), 33(c), 34 (d), 3° (e), 3 (f). Copyrights 2008 ACS,
2007 ACS, 2010 Wiley, 2011 ACS, 2016 NPG, 2017 RSC, respectively.

In the early 1990s, Rabe and coworkers used STM to observe 2D periodic structures formed
through the physisorption of alkanes on the surface of highly oriented pyrolytic graphite (HOPG)
at the solid-liquid interface.?” Ever since, 2D nanostructures with remarkable structural

complexity, and rationally tuned symmetry and periodicity have been created using this



approach. Such monolayer structures, often referred to as self-assembled molecular networks
(SAMNSs), differ significantly from classical SAMs that are composed of chemisorbed molecules
such as alkanethiolates on gold (Figure 1). The SAMNSs are formed through weak physisorption
and non-covalent intermolecular forces, and their supramolecular 2D structure can be tailored
by modifying the molecular components. In contrast to SAMs, the molecular constituents of
SAMNS lie flat on the surface, giving rise to monolayers with one to a few atoms thickness,
although growth off of the surface into the third dimension can be controlled by using more
complex molecules3®4 or through multilayered SAMNs. The long-range order in chemisorbed
SAMs is often limited to ~10-100 nm domains due to the reduced mobility of the molecules and
restructuring the support surfaces, whereas many SAMNs show single crystalline domains on the

micron scale.

Van der Waals (vdW) interactions of long alkyl chains**2 and hydrogen bonding (H-bonding)*3-4¢
are the two most often used interactions to control the structures of SAMNs. However, metal
coordination,*”*® halogen bonding (X-bonding),**->! and dipole-dipole interactions3>2* have
also been explored in affecting and tailoring their structural configurations. Shape
complementarity is another important factor, which has been creatively explored in the design

of complex multicomponent SAMNSs (see below).>

Probing biomolecular self-assembly via scanning tunneling microscopy

This concept has spread into biomolecular self-assembly as a means to explore structural motifs

and intermolecular interactions crucial in biology.>®®® Among many possible hydrogen-bonding



motifs, peptides provide a set of structures for constructing molecular networks with special
chemical and biological properties due to their homogeneous backbones and heterogeneous
residues. Both inter- and intra-peptide interactions originate from H-bonding of 20 common
amino acids. The structure of the peptide networks can thus be precisely programmed by
selecting the individual amino acids in the sequences. The known propensities of amino acids to
form sequence-dependent secondary structures can provide helpful insights®? enabling
construction of SAMNSs with greatly enriched complexity and functionality.®2-%° In a parallel effort,
supramolecular networks of nucleobases have been achieved by using complementary Watson-
Crick-type H-bonding, as well as non-complementary pairing patterns.®®®” The documented
variations in network structures consisting of peptides and nucleobases manifest the interaction
specificity and diversity among the elemental assembly units that are prevalent in the recognition

process of biological systems.

A variety of surface-bound peptides, including networks and close-packed structures, have been
resolved by STM, providing new insights into the molecular mechanisms of relevant biological
properties and biomaterials interfaces.””6%676° For instance, in an elegant set of STM studies
Wang et al. have investigated the assembly structures of AB42 and other oligopeptides, known
to play a role in neurodegenerative diseases. The measured length of the peptides was below the
value for fully extended molecules, which was attributed to the formation of hairpin structures.
This and other studies showed that STM is a useful tool for the structural analysis of amyloid

peptides.”®
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Figure 2. Self-assembled molecular networks of angiotensin Il (AT-ll) on Au(111). (a) A
honeycomb network of the At-1l molecules (scale bar 15 nm) is shown with the unit cell indicated
by the diamond. The chirality of the network is revealed by a tilt of the hexagonal pore (red) with
respect to the hexagonal superstructure (blue). In the upper right corner, a linear arrangement
is circled in white. (b) The schematic arrangement demonstrates the nonpolar (green) decoration
of the pore with the polar residues (orange) in the inside of the nanostructure. The polar-
nonpolar—polar-binding motif at the short edge of the dimer is indicated by a green/orange
background in the lower right corner. (c) (Left) Scanning tunneling microscope image (scale bar
2 nm) overlapped with (middle) the molecular dynamics-simulated model, and (right) the
calculated electron density for comparison. Adopted from ref ©2, copyright 2016 NPG. [Open
Access]

Molecularly resolved peptide networks on Au(111) under electrochemical conditions have been

demonstrated by STM for alamethicin (Alm), which consists of 20 amino acids.”! The connectivity
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of this peptide is achieved by the H-bonding between the residues of glutamine (Gln), which
results in a 2D network with cavities encapsulated by six Alm peptides. These nanometer-sized
cavities can be correlated with the formation of porous structures by some transmembrane
proteins that define their membranolytic activity. Similar ion channel structures have also been
reported for cyclic peptides both at the solid-liquid interface and in vacuum.”>”3 In a recent effort,
an octapeptide angiotensin Il was shown to form SAMN on Au(111) in vacuum, as shown in Figure
2.52 The chiral network is formed by peptide dimers in anti-parallel conformations and
interconnected by the hydrogen bonds between terminal moieties. These peptide assemblies
demonstrate the feasibility of constructing residue-decorated supramolecular structures that
could be programmed and engineered for novel material properties such as peptide hydrogels

with clinical applications.”®”>

Co-assembled networks can also be formed by H-bonding of peptides with other organic
molecules. Thus, pyridyl moieties can interact strongly with terminal carboxylic groups of the
peptide. Co-assembly with oligopyridine molecules affects the peptide transformation of B-sheet
conformation, morphology, and biological properties.®®76 The formation of the organic-peptide
networks can be tuned by stoichiometry, as exemplified by the terpyridine and the peptide

KLVFF.53

Due to the diverse chemical structure of residues, substrate-induced conformational variations
should be considered in constructing peptide-based networks. Residue-substrate interactions
can contribute appreciably to the peptide-substrate interaction and also affect the structural

resolution of the peptides obtained by STM.58:69.77
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Halogen-bonding interactions

3F3l 3N + 3F3l

% }I?;N + 4F2| *‘_"'

Figure 3. Porous halogen-bonded networks formed by assembly of tripyridine 3N with fluorinated
iodobenzenes (a,b) 3F31 and (c,d) 4F2I. Adopted from ref *°, copyright 2015 ACS.

While H-bonding and vdW interactions of long alkyl chains are prevalent tools in constructing
supramolecular networks on surfaces, other non-covalent interactions have also been explored.
For example, stabilizing halogen bonding (X-bonding) interactions enable control of the
monolayer structure of (hetero)aromatic semiconductors*® and halogenated monomers for on-
surface polymerization.”® Due to relatively weak homoatomic X-bonding, these SAMNSs tend to
adopt close-packed structures to maximize their overall vdW interactions.*®7®8 Porous X-
bonded SAMN can be stabilized at low temperatures: for example, 1,1”’-dibromo-p-terphenyl on

Ag(111) produces SAMNs with square, rectangular and hexagonal X-bonded motifs, but these are

12



only observed in UHV at below 150 K.82 Alternatively, stronger heteroatomic X-bonding, e.g.
between pyridine and fluorinated iodobenzene derivatives can be used to direct the formation
of porous networks in ambient at liquid-solid interface (Figure 3).°° Nevertheless, the strengths
of X-bonding interactions are generally weaker than those of H-bonding,®3 and the former can

still be partially compromised in favor of maximizing the overall packing density (Figure 3d).

Dipole-dipole interactions
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Figure 4: (a) Scanning tunneling microscope (STM) image of a 0.9 monolayer of styrene on
Au(111) with molecules pointing up and down, labeled with black and red arrows, respectively.
The image shows that molecules are preferentially oriented in one direction within a domain and
this  orientation  alternates  between  neighboring domains. (b)  2,7-Bis(10-
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(ethoxycarbonyl)decyloxy)-9-fluorenone self-assembled on highly ordered pyrolytic graphite in a
linear structure and c) in a cyclic network observed via STM. A reversible transformation between
these two arrangements can be induced in the same assembly by voltage pulses through the STM
tip. Adapted from refs 8 and &,copyright 2007 ACS and 2012 ACS.

Dipole-dipole interactions is another example of less common supramolecular motifs, that
nevertheless can have decisive effects on the formation of SAMNSs. Sykes and coworkers have
shown that even styrene, which has a relatively weak dipole moment, forms local and long-range
ordered assemblies dictated by dipole-dipole interaction, Figure 4a.®* Styrene, when deposited
as an almost complete monolayer on Au(111), at low temperature forms local domains with
ferroelectric (parallel) ordering. However, long-range order is also observed, with neighboring
domains adopting an antiferroelectric (antiparallel) ordering. Dipole-dipole interactions can also
operate in conjunction with surface-mediated interactions as demonstrated by Yokoyama et al.,
who showed that the adsorption of uniformly dispersed tris(2-phenylpyridine)iridium(lll) on
Cu(111) is dominated by strong repulsive forces arising from surface-enhanced dipole-dipole
interactions.®® The dipole location in the sidechain can be used to direct the placement of
molecules and control monolayer morphology. Zimmt and coworkers have studied a number of
anthracene derivatives with mono-, di- and tri-ether alkyl*®** sidechains or ketone and —CF,
dipolar functional groups.>> The ether alkyl groups result in weak dipole-dipole interactions
providing a secondary recognition element between the molecules and allowing to create
complex SAMN patterns (Figure 1a).3! The larger dipole of the ketone, in comparison with the —

CF, group, does not produce a stronger driving force for the assembly as the larger size of the

ketone also causes steric hindrance, preventing optimal sidechain packing.
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Xu et al. used 2,7-bis(10-(ethoxycarbonyl)decyloxy)-9-fluorenone to probe the effect of both the
sidechains and the central conjugated moiety in enhancing the dipole-dipole interactions.?> As a
result, the molecule exhibits two assembled phases capable of a reversible interconversion: a
linear structure dominated by vdW forces and a cyclic network directed by dipole-dipole

interactions (Figure 4b,c).

The above-described studies investigated interactions between molecules with permanent
dipole moments that give rise to supramolecular assemblies on surfaces. Perepichka and
coworkers recently reported that dipole-dipole interactions can also be employed to drive the
assembly of non-polar molecules.?” They showed that SAMs of pentafluorobenzenethiol on
Au(111) form hexagonally packed monolayers of Cso fullerene at solid-liquid interfaces, while no
fullerene adsorption takes place on either benzenethiol or octanethiol SAMs. This observation
was attributed to dipole-induced dipole interactions between the polar pentafluorobenzenethiol

SAM and polarizable Cso molecules.

The use of a SAM to control fullerene adsorption is not the only example of achieving control via
dipolar interactions between a SAMN and an underlying SAM. Weiss and coworkers have used
carboranethiol and —dithiol molecular absorbates to probe the effects of the surface dipole on
liquid crystal (LC) orientation.® The use of SAMs of isomeric carboranethiols, which are almost
solely distinguished by their dipole moments, enables exploration of this specific interaction.
Data presented show that both azimuthal orientation and anchoring energy of the LC depend on
the direction of the normal component of the dipole, with respect to the surface. The ability to
control LC orientation from the nanoscale to the macroscale has a broad spectrum of

applications.8%°° The use of SAMs and this type of dipole-dipole interaction provide high degrees

15



of tunability, given the large diversity of molecular adsorbates that can be used, as a control

mechanism for further SAMN formation.

Metal-organic coordination

Metal-organic coordination provides an alternative to the above-discussed self-assembly
strategies, producing highly ordered metal-organic networks on surfaces.’?! These systems
typically require vapor deposition of two components on the surface in ultrahigh vacuum (UHV),
which increases the complexity of the sample preparation compared to the systems discussed
above. However, on-surface redox processes have been shown to lead to thermally robust
structures*®92%3 with high degrees of order (due, in part, to directionality of metal coordination
bonding),’* chemical programmability,®®> and high selectivity.*’°® Extended coordination
networks require ligands with diverging geometries, i.e., having binding groups on two or more
sides of the molecules. Many metal centers commonly adopt quasi-square planar coordination
geometries, although lower coordination numbers have also been observed.?’” There are also
examples of systems that employ multiple ligands for coordination around metal centers;® these
reveal error correction in networks®® and selectivity of ligands toward specific metal species.*’
Combinations of STM characterization with X-ray photoelectron spectroscopy (XPS) have enabled
identification of charge-transfer (redox) processes in the formation of the metal-organic
networks at surfaces®*'% and control of metal oxidation state by ligand design.®> On-surface
redox chemistry has been further supported by vibrational spectroscopy!®t1%? and density

functional theory (DFT) calculations.'
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Metal-organic coordination can also be used in the design of quasicrystalline SAMNs. While the
2D quasicrystals were initially discovered in the H-bonded self-assembly of ferrocenecarboxylic
acid molecules,'* a large metal cation is particularly helpful for achieving five-fold coordination.
Barth and co-workers achieved these assemblies by using lanthanide metal centers (Figure 1e).3®
There are also examples of molecules with C5 symmetry that do not achieve quasicrystalline
ordering, but instead adopt packing-driven interactions that are not sensitive to the molecular

shapes.10>106

Metal-organic coordination networks at surfaces provide an extensive structural library for
nanopatterning of surfaces. Recent studies have begun to explore their chemical activity92107,108
to extend these structures to functional applications for catalysis, sensors, and as templates for
more complex structures. Further studies are needed to develop these properties and extend the

108

structural library to heterometallic structures'®® and controlled cluster sizes.

Charge-transfer-induced ordering

In recent years, the interactions of monolayer organic molecules on surfaces, with flat-lying
polyaromatic species, has become an important topic in the context of 2D supramolecular
assemblies. Characterization of these interactions is also important in the ongoing effort to
understand fundamental aspects of the critical organic—metal surface interfaces that underlie
organic semiconductor technologies. As these studies have progressed, the question of charge

transfer between the surface and the organic adsorbates has presented itself and several groups

17



have reported interesting effects of this charge transfer on the supramolecular self-assembly at

the surface.

Understanding the interface between organic semiconductors and metal surfaces is an ongoing
challen96ge. In many cases, the interactions can be presented as a combination of relatively weak
adsorbate-substrate interactions with some electronic effects, which can be modulated by
perturbed surface electronic structure.?10%-116 Models of level alighment and charge transfer
have been presented in the literature.''”.118 Charge transfer from the surface depends on a choice

of molecular adsorbate with orbital energy close to the surface work function.
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Figure 5. Assembly of tetracyanoquinodimethane (TCNQ) on the Cu(100) surface mediated by
charge-transfer interactions. Reproduced from ref*®, copyright 2010 NPG.

Charge transfer can have a significant impact on molecular assembly as the electronic state of
the molecule can affect its shape and thus its ability to interact with (bond to) the surface. This
effect of substrate-mediated interactions has been demonstrated in multiple studies of the
broadly used electron acceptor TCNQ. Kamna et al. determined that on Cu(111), the assembly of

TCNQ is dictated by a combination of favorable intermolecular interactions and molecule-
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induced electronic perturbations of the Cu surface.''? At low coverage, TCNQ forms close-packed
molecular chains at the Cu(111) step edges, an orientation that maximizes the interaction
between the molecule and the favorable electronic structure of the step edge.'?® At full
(monolayer) coverage, TCNQ assembles into orthogonally packed ordered structures on the
Cu(111) terraces in two possible unit cells, an assembly that is more strongly influenced by the
intermolecular interactions. A study by Tseng et al. showed that two-electron charge transfer
from the Cu(100) surface to TCNQ leads to rearrangement of the m-bonds in the molecule (Figure
5).1%° The reduced bond order between the central benzene ring and diacyanomethylene
moieties allows cyano groups to bend towards the Cu surface enhancing molecule-surface
interactions, as determined by a combination of STM, near-edge X-ray absorption fine structure
spectroscopy (NEXAFS), XPS, and DFT calculations. A more recent study involving STM and X-ray
standing wave spectroscopy reported significant flexibility in TCNQ when co-adsorbed with K
atoms, which act as positive counterions.!?! In that case, the terminal groups are tilted such that
one cyano group was oriented toward the surface and the other is oriented upward toward K.

Charge transfer to TCNQ impacts molecular structure and interaction with the surface and thus
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TMP

Au(111)

Cu(111)

TMP island

Figure 6. Scanning tunneling microscope images of three organic molecules: (left) 1,3,6,8-
tetramesitylpyrene (TMP), (middle) tetrakis[1,3-di(tert-butyl)phenyl]pyrene (TBP), and (right)
2,5,8,11-tetrakis-(3,5-di-tert-butylphenyl)perylene (TPPr), (top) on Au(111) and (bottom) on
Cu(111). Reproduced from ref 122, copyright 2014 ACS. [ACS AuthorChoice Article]

Charge transfer to or from adsorbates introduces new intermolecular interactions impacting self-
assembly of the molecular layer. The resulting supramolecular structure is defined by the
interplay between intermolecular repulsion due to the surface-adsorbate dipole and
intermolecular attraction due to vdW interactions. Charge transfer affects island sizes in the
submonolayer regime, producing dramatic differences in self-assembly on Au(111) and Cu(111)

surfaces (Figure 6), where the former allows molecular charging and the latter has neutral
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adsorbates.’? 0On the Au(111) surface TBP displays an “anomalous coarsening” that is manifested
in co-existence of large and small molecular islands. This behavior was explained by reversible
charge transfer at the organic/metallic interface due to TBP effective ionization potential being
close to the work function of Au(111) (5.3 eV). The growth of TBP was contrasted with that of
TMP and TPPr, which have higher and lower adsorption heights than TBP, respectively. While
TMP does not experience charge transfer and grows in large islands, TPPr is closer to the surface

and experiences stronger charge transfer than TBP, only forming small domains.

AN
L O

The assembly due to the charge-transfer-induced dipole interactions can be compared to the
assembly of molecules with intrinsic dipole moments normal to the surface. For example, titanyl
phthalocyanine (TiOPc) has a molecular dipole moment normal to the plane of the molecule and
adsorbs on both sides.??? “O-down” molecules tend to adsorb at step edges due to the higher
mobility and to attractive interactions with the intrinsic dipole of the step edges.'** These
molecules have intrinsic dipoles that are not acquired by charge transfer from the surface. At low
coverages, there is little aggregation, possibly due to dipole repulsion. At higher coverages, Cu

adatoms are involved in interactions with molecules to form 1D aggregates.'?3

Molecular adsorption on metal surfaces typically involves the extension of the molecular wave

function within the substrate and charge back donation, which lead to spectroscopic broadening
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and formation of 2D bands at the interface due to substrate-mediated intermolecular
interactions. Interestingly, these strong electronic interactions and overlap can lead to lower
charge transfer than that on less interacting surfaces.’>® Weak molecule-substrate interaction,
where little or no hybridization or charge back donation occurs, can allow integer charge transfer.
This effect was reported for perylenetetracarboxylic dianhydride (PTCDA) adsorbed on
conductive n-doped ZnO surfaces although the charge transfer is restricted to the first layer.1?®
PTCDA adsorbed on Ag(111) experiences charge transfer that was estimated to be only about
0.35 electrons, although this value is difficult to quantify because of the electron overlap with
the surface.'?® It has been also argued that the PTCDA herringbone pattern on Ag and Ag@Si
includes molecules of two different charge states, which have been resolved experimentally by

measurement of local variations in the surface dipole.'?’

Fluorinated fullerene CeoF1s has an intrinsic dipole moment, i.e., it does not require charge
transfer from the surface.’?® CeoF1s island growth is different from the standard Ostwald ripening
that would be observed with pristine Cg. Estimates similar to those of ref. 122 for the
contributions of the two competing effects (gas phase HOMO level upshift due to the
electrostatic screening by the metal substrate and downshift due to the intrinsic ~10 D dipole
moment of CeoF1s), show that the HOMO of CeoF1s molecule appears more than 1.2 eV below the
Au(111) Fermi level. As a result, there is no charge transfer from the molecule to the substrate in
the CeoF1s/Au system. The absence of Oswald ripening was therefore attributed to the dipole—
dipole repulsion rather than to charging of the molecules. This result highlights the important

roles that intrinsic dipole moments play in intermolecular and molecule—substrate interactions.
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Chirality

For all of the above-described non-covalent interactions, on-surface molecular assembly can and
often does lead to chiral organization. This is an obvious outcome for assembly of
enantomermically pure chiral molecules, but can also can happen for prochiral molecules'?
(which become chiral upon adsorption) and even achiral ones*® providing they associate via chiral
supramolecular motifs. The combination of chirality and surfaces is prominent in materials
science and catalysis,'*° e.g. the stereoselectivity of many heterogenous reactions is controlled
by interactions of reagents or products with surfaces. In this context, SPM studies of chirality in
surface-supported SAMN can bring insight into the mechanisms of resolution of enantiomers and
evolution of chirality in 3D systems. Last, but not least, chirality can itself be used as another tool

in engineering the SAMNs.

2o e

Rand S [7]H

Among the many molecules that have been investigated on surfaces, helicenes have a special
place because they serve as a model for chiral crystallization. They are fascinating chiral objects,
and their self-organization has been investigated in detail on a variety of metallic substrates.!3%132
Lacking polar functional groups, unsubstituted helicenes are expected to interact via vdW
interactions. One typical helicene, [7]H, adsorbs in such a way that as many benzene rings as
possible are (near) parallel to the surface. The parts of the molecules close to the surface are thus

responsible for stereochemical molecule-surface recognition. This assembly is surface dependent
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and major differences in their behavior can be traced back to molecular structural differences.
Thus, cyano-functionalized racemate [7]H undergoes spontaneous separation on Cu(111), i.e.,
forms domains that are exclusively composed of one enantiomer. However, on the same surface,
the unsubstituted [7]H self-assembles in alternating rows of opposite enantiomers. These
helicenes show a cooperative response to a small chiral bias, leading to large magnification
effects in supramolecular systems. Two such cooperative responses are the (i) “sergeant-and-
soldiers” effect: in a mixture of achiral and enantiopure analogues the enantiopure ones dictate
the chiral organization of all molecules, and (ii) the “majority rules” effect: in a non-racemic
mixture the chiral induction is non-linear (vide infra). For example, at an enantiomeric excess of
one enantiomer of [7]H by at least 8%, a single enantiomorph is observed despite the fact that
the composition within a domain in still racemic. The excess of one of the enantiomers allows
only one of the two possible arrangements of the pairs of both enantiomers.’3' Another
interesting observation relates to the formation of multilayers by this helicene.'3? In contrast to
the SAMNs with monolayer coverage, where the domains are composed of both enantiomers,
the second layer in bilayer films is revealed to be homochiral. This effect is explained by transition
from a 2D to a 3D racemate in multilayer films, which are composed of alternating homochiral

layers of two opposite enantiomers.

Interesting chirality phenomena are often observed at solid-liquid interfaces under enantio-
enriched conditions. Co-assembly of a chiral molecule in a SAMN composed of achiral molecules
was shown to lead to homochiral layers. When enantio-enriched mixtures of the chiral molecule
were used, instead of domains reflecting the initial ratio of the enantiomers, homochiral surfaces

were formed. This is a demonstration of the “majority rules” effect, attributed to entropy-driven
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mechanisms. Furthermore, after the formation of the chiral SAMN, the chiral inducers can be

replaced dynamically by achiral analogues, while maintaining the initial surface chirality, due to

strong memory effects.'33

DBA-OCn: R’ = R? = CHzn
¢DBA-OC12(S): R' = R? =

Figure 7: Left: Chemical structures of achiral (DBA-OCn) and chiral (DBA-OC12(S))
dehydrobenzo[12]annulene derivatives studied in ref 3%, Center: model of honeycomb network
formed by DBA-OC12 (blue) and DBA-OC12(S) (green) molecules. The chiral centers are
highlighted in black. Co-adsorption of DBA-OC12(S) leads to the preferential formation of
clockwise nanowells (see arrows), according to a “sergeant-soldiers” mechanism. Right: model of
honeycomb network formed by DBA-OC12 (blue); some nanowells contain co-adsorbed
DBA-OC12(S) molecules (green). Preferentially, counter clockwise nanowells are filled and
stabilized. Both the “sergeant-soldiers” mechanism and “host-guest” mechanism act
simultaneously as competitive chiral induction pathways.

In a recent study, the expression of chirality at solid-liquid interfaces was used as a probe to
distinguish between competitive self-assembly pathways that simultaneously act as opposite
chiral induction pathways. Both pathways act at different stages of the self-assembly process,
i.e., nucleation versus ripening. Therefore, the chiral outcome of self-assembly can be tuned and

controlled, leading to homochiral surfaces of opposite chirality under optimized conditions.'34

It is also worth noting that the solvent itself can be used as a chiral inducer. When dissolved in

enantiopure solvents, certain prochiral molecules can form homochiral SAMN at a liquid-solid
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interface.’® A growing amount of evidence suggests that the chiral discrimination in many of

these cases occurs at the monolayer nucleation phase.3¢

Kinetics versus thermodynamics

Most often, molecular engineering of SAMNs relies on the rules of thermodynamics. The majority
of molecular design strategies aims at accounting for the subtle balance of molecule-molecule,
molecule-substrate, molecule-medium, and substrate-medium interactions and generally
assumes a sufficiently fast reversible dynamics. The self-assembling system will often evolve on
a rather shallow energy landscape but is hoped to reach the minimum energy state. Sometimes
not a unique pattern, but several polymorphs can be formed. Convergence to a single polymorph
upon extending the assembly time or annealing at elevated temperatures supports, though does
not ensure, that the thermodynamic minimum is reached, as will be discussed below. However,
certain strategies have been developed to “select” a certain supramolecular pattern
(polymorph), for instance, by controlling the solute concentration at the liquid/solid interface.3”
Not surprisingly, low density polymorphs phases are favored at low solute concentration and vice
versa.

Despite its impact being long underestimated, it is now well established that kinetics plays a
major role in the outcome of self-assembly processes.'38140 The fact that many systems do not
reach thermodynamic equilibrium is not necessarily a drawback, but can be turned to

advantage.?® Indeed, out-of-equilibrium structures can possess properties different from their

low-energy analogues. Understanding the roles of kinetics is therefore essential to control the
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outcome of self-assembly. This effect was recently demonstrated at the solid-liquid interface for
a mixture of two porphyrins, cobalt (Il) octaethylporphyrin (CoOEP) and NiOEP.*! When their
solution in phenyloctane is brought in contact with a gold surface, a highly regular pattern is
formed almost immediately. Both porphyrins can be identified on the surface by their specific
image contrast revealing that the surface composition is identical to the ratio of both porphyrins
in solution. Nevertheless, this regular pattern is not a result of thermodynamic equilibrium. This
effect was elegantly shown by studies of temperature dependence, in which the sample was
heated and allowed to cool to room temperature for imaging while tracking changes in surface
composition. Heating at 135 °C for several hours was required to induce noticeable desorption
in this system. An important practical implication of these results is the realization that
noncovalent adsorption can lead to exceedingly strong molecular binding on surfaces. Even at
135 °C, the rate of desorption of COOEP from an Au(111) in contact with phenyloctane solution

was orders of magnitude slower than that of a covalently bound alkanethiol at 25 °C.

(M = Ni)

NIOEP "1 = co)

CoOEP
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Building up complexity: multicomponent assemblies

Multi-component assembly is critically important to the grand challenge of rational design and
bottom-up fabrication of complex materials and devices.'*? It could greatly expand the
fabrication of functional molecular nanostructures,'*® but the great diversity of the available
building units is inevitably accompanied by enormous complexity in assembly mechanisms.
Confining the interaction space to 2D (surface ad-layers) and imaging of the self-assembly
pathways by SPM, has enabled rational control of highly complex (2, 3 and 4-component)

structures, that is not easily achievable in 3D.

As documented in various multi-component SAMNs, complementarity and compatibility of
intermolecular interactions of suitable chosen molecular building blocks can lead to pronounced
selectivity and specificity. Selectivity can be demonstrated in preferential interactions between
building units, mostly originating from specific interactions such as H-bonding, steric, and
electrostatic interactions. Specificity in multi-component assemblies is manifested in the
characteristic network topology and symmetry that can be uniquely assigned to interactions of a
given series of building blocks, while their chemical structures may vary in size, terminal moieties,

etc.

Selectivity is particularly important as it enables molecular building units to recognize each other
in the formation of multi-component assemblies. Such site-specific selectivity in intermolecular
interactions could enable precise control of the assembly composition and topology. In one of
the early examples, formation of a 2D co-crystal between metallated tetraphenylporphyrin and

perfluorophthalocyanine was attributed to specific H...F interactions that occur only in the
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coassembled phase.'#* Selectivity has also been realized in many anthracene derivatives by
manipulating the chain length, chain shape and dipole interactions.3>14> Such side-chain based
selectivity has been manifested in a variety of multicomponent SAMNSs, including those with

perfluoroalkyl chains.4®

Shell 2
CioHz1Q  OCigHy

Figure 8. (a) Scanning tunneling microscope image showing the three-component network
obtained at the octanoic acid/highly oriented pyrolytic graphite interface. Graphite symmetry
axes are shown in the lower left corner. (b) Molecular model for the three-component system.
Individually, each of these components forms different 2D patterns. Reproduced from ref 47,
copyright 2017 RSC. [Open Access]

The multiple component strategies greatly enrich the scope of structural and chemical design of
supramolecular networks. Such chemically decorated SAMNs with defined dimensions and
geometries can be further pursued as the host structures to accommodate guest species with
desired functionalities. The selectivity in the host-guest assemblies originates from the
constituent components in host networks. Guest molecules such as fullerenes and coronene can
be selectively encapsulated in the host molecular networks. In some cases, the guest molecules
can also transform the host networks as shown in Figure 8.14” While it can be seen as a porous

SAMN in which the pores are filled by a supramolecular complex of coronene surrounded by six
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isophthalic acid molecules, the alkylated annulene molecule, apparently forming the porous host

network, does so only in presence of the other components.

Switching structures

The responsiveness of SAMNs to environmental stimuli provides important insights into
thermodynamic and kinetic aspects of polymorphism, which are essential to the molecular-level
design of stability and functionality in these systems. For example, H-bonded networks can be
destabilized and transformed by thermal annealing. Isomerization of molecular moieties with
temperature, light, or electric field stimuli can also induce structural reconfiguration of the
networks. A range of SAMNs have exhibited pronounced responses under external stimuli
including solvent, temperature, light, electric field, and molecule-substrate interactions.
Photoisomerization has been documented for the transformation of molecular assemblies with

150 and

various isomers, such as derivatives of azobenzene,'*® terthiophene,'*® diarylethene,
porphycene.'! The irradiation wavelength spans from the visible to the UV, covering photon

energies approximately between 1.0 to 4.0 eV. These studies provide the structural basis for

constructing photoactive molecular networks.

The electric field is an example of an external stimulus that can lead to dramatic variations in
supramolecular networks due, in part, to the wide range of fields that can be applied
experimentally. The dependence of the molecular conformation on the electric field originates
from the structure-related electron density distribution. The non-planarity and non-

centrosymmetry in molecular structures can result in net dipole moments that are one of the
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main contributors for the responsivity to external electric fields.?>>1>* The effects of electric fields

155 and interfacial charge transfer.'>® The strength of

can also lead to field-induced isomerization
the electric field within a STM junction can be as high as 108 V/m. Such high field strength can
significantly alter the adsorption of the dipolar molecular adsorbate. Reports of reversing
molecular orientations upon changing the tunneling voltage illustrate the predominant effect of
the electric field on the orientation selectivity of adsorbed molecules. The dominance of the
electric field effect on molecular conformations is reinforced by the fast response of collective
supramolecular networks. In addition, the conformation selectivity due to the electric field is
inevitably reflected in the network configurations. The energetics of network polymorphism can
be dramatically affected by the electrostatic energies of molecular dipoles in the presence of an

electric field. The field-dependent polymorphs should be based on the energetically favored

molecular conformations.
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Figure 9. (a-c) Sequential scanning tunneling microscope images of 1,3,5-tris(4-carboxyphenyl)
benzene (BTB) self-assembled molecular networks showing the voltage-induced phase
transformation. (d) A schematic representation of the corresponding structural change with the
applied bias-voltage. Reproduced from ref 1°¢, copyright 2015 ACS.

The electric field effect is also manifested in the electrostatic interactions between adsorbed
molecules and the substrate. Interactions between atoms and/or molecules and substrate lead
to site-dependent interactions between molecules in the supramolecular networks,10:113,115,157-
163 The presence of an external field or surface charge can affect the periodicity of the
supramolecular networks by affecting the electrostatic interactions between adsorbate and
substrate.!'>1%4 The charge transfer between molecule and surface can also lead to selectivity of

molecular conformations under an applied electric field, as demonstrated in the orientational
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effects of 1,3,5-tris(4-carboxyphenyl) benzene (BTB) on graphite surfaces, as shown in Figure 9.
It was proposed that the dipole orientation of BTB can be defined by the electron transfer
between the graphite surface and the benzene ring and the carboxylic oxygen. As a result, field-
induced reversible changes can be observed between open and close-packed 2D supramolecular
networks.?>® The molecular networks at solid-liquid interfaces can also be tuned by electrical
potential under electrochemical (EC) control. In the EC-STM studies of a charged polycyclic
aromatic compound, 2-phenylbenzo[1,2]quinolizino[3,4,5,6-fed]phenanthridinium perchlorate,
the molecular packing density could be reversibly and continuously changed by adjusting the
substrate potential to compensate the surface negative charge by the polyaromatic cations. As a

result, the porous network could be transformed between close-packed and bilayer structures.'6

Even though the electrostatic interactions between molecular dipoles are long range,*®® the
interaction magnitude is significantly attenuated by intermolecular separations determined by
the network’s periodicity and can be amplified by the external field. The addition of metal ligands
to supramolecular networks provides the potential for novel catalytic properties. The atomic
precision of periodicity and geometry of SAMNSs provide a convenient platform for investigation
of molecular mechanisms in heterogeneous catalysis.*®%” The tilt angles of molecules can also
be controlled with electric field.”'68170 |n a closely related study, the reversible switching of
intramolecular structures due to proton transfer was demonstrated by controlling the atomic
and molecular environments.'’* Such intramolecular switching capability can extend the

molecular basis for activating network structures.’?

The above results illustrate that inclusion of stimuli-responsive moieties in the building unit can

lead to collective structural responses of the supramolecular networks and provide the basis for
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functional systems.'’>74 Due to the inherently different structures and chemistry of the
constituent moieties, it should be possible to tune the networks’ energetics and kinetics by

temperature, intermolecular interaction strength, and other environmental stimuli.

Self-assembled molecular networks as nanotemplates

Figure 10. Templating of alkanethiol adsorption on Au(111) by a H-bonded self-assembled
molecular network. (a) Structures of melamine and perylenetetracarboxydiimide. (b) Scheme of
2D assembly. (c) Scanning tunneling microscopy image of the resulting structure. Adopted from
ref 17>, copyright 2008 NPG.

Tunable symmetry, periodicity, and interactions of SAMNs make them attractive as nanoscale
templates for patterning functional materials on surfaces. Since the emergence of this field, the
porous nature of SAMNs has been widely explored to probe interactions with large m-conjugated
molecules, for example, coronene and heterocirculenes, resulting in the formation of host-guest

systems.’® Specificity of binding in host/guest systems is primarily dictated by matching shape
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and size between the guest molecules and the SAMNSs’ pores, although more specific interactions
such as charge transfer could also play roles in stabilizing the guest molecules.'?® In addition, the
surface of the underneath substrate can provide the additional interactions necessary for
templating the guest molecules. For example, porous H-bonded molecular networks formed by
melamine and perylediimide on Au(111) have been used to pattern thiol-based SAMs (Figure
10).17>177 In this case, the chemisorption of thiol molecules on gold is modulated by blocking the

surface with H-bonded networks.

Figure 11. Incorporation of Ceo fullerene guest molecules into a network host of
terthienobenzenetricarboxylic acid with (a) sparse fullerene coverage, (b) one, (c) two, and (d)
three fullerenes per unit cell. Molecular models are shown below each image. Image area sizes
are (a) 10.7 nm x 10.7 nmand (b-d) 18 nm x 18 nm. Reproduced from ref 2%, copyright 2009 ACS.

Due to its role as an electron acceptor/n-type semiconductor in organic electronics, Ceo is the
most widely explored guest molecule templated by SAMNs.178179.180 A nartially phase-separated
mixture of Ceo derivatives with electron-donor polymers as a “bulk heterojunction” is the key
material in solution-processable photovoltaics. The nanoscale structure/morphology of bulk

heterojunction films is one of the most important factors defining the efficiency of solar cells,
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and is the most difficult feature to control. In this respect, molecular networks can provide a
means to control the structure of bulk heterojunction with molecular-level precision. This
concept was exploited by MaclLeod et al. who reported that at solution/graphite interface, the
tricarboxylic acid derivative of oligothiophene (terthienobenzenetricarboxylic acid) forms a
porous network through dimeric H-bonding.'>® The cavities of the network structure can
efficiently host Ceo molecules, which form ordered domains with one, two, or three fullerenes
per cavity, depending on their surface concentrations (Figure 11). Specific fullerene-thiophene
interactions increase the efficiency of fullerene adsorption, as determined by comparison with

similar SAMNs of trimesic acid on HOPG, which lack such interactions.18!

Figure 12. (a) Side-view and (b) top-view of the molecular model of terphenyltetracarboxylic acid
(TPTC) - Ceo bilayer self-assembled molecular network. Adsorption of Cso in the pores H-bonded
TPTC network promotes the growth second layer. Reproduced from ref 182, copyright 2011 NPG.

To be relevant for photovoltaic device applications, such templated donor-acceptor monolayer
would have to grow in the third dimension creating vertically oriented p- and n-type conducting
channels. Blunt et al. showed that this might be possible.'® Due to the different thicknesses of
aromatic terphenyltetracarboxylic acid (TPTC), ~0.35 nm and fullerene, ~1 nm, adsorption of the

latter in the TPTC monolayer host subsequently promotes the growth of a second layer of host
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molecules, extending self-assembly in the vertical direction (Figure 12). Other groups have also

demonstrated stacking of organic molecules into multiple layers, while maintaining crystalline

o rd er 183-186

Figure 13. Host/guest structures formed by boroxine-based covalent organic framework COF-1
and Ceo at the solution/solid interface. The scanning tunneling microscopy images in (a) and (b)
show the observed Ceo adsorption geometries, denoted as top site and pore site, respectively.
The respective molecular models are displayed in (c) and (d). Reproduced from ref *¥7, copyright
2015 RSC. [Open Access]

The dynamic nature of self-assembled supramolecular structures is an advantage in designing
highly ordered domains, however, their poor stability under ambient conditions is a drawback.
On the other hand, surface supported covalent organic frameworks (COFs), created through
dynamic covalent chemistry, can have remarkable degrees of order yet are much more robust.8
130 The well-defined composition and porosity of COFs make them suitable for host-guest
applications, as illustrated in the formation of COF-1 (produced by self-condensation of 1,4-

benzenediboronic acid) on HOPG, which was used as host/guest system to accommodate Ceo
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molecules.’®191 Cui et al. observed two distinctive COF-1 adsorption sites for fullerene
molecules, denoted as the top site and the pore site.'®” The STM images show both the fullerene
molecules and COF frameworks, revealing the adsorption sites of Cso guest molecules (Figure 13).
In subsequent studies, the authors have applied the same COF-1 template for 3D self-assembly
of fullerene films. The structural arrangements of Ce in the third dimension is determined by co-

adsorption of solvent (trichlorobenzene versus heptanoic acid).*®?

All of the above examples deal with SAMNs templating adsorption of other molecular species,
but this concept can be extended to other nanoscale materials. Thus, favorable vdW interactions
of alkyl chains of dialkoxybenzene SAMN and alkanethiol-protected gold nanoparticles (AuNPs)
can be used to guide the adsorption of the latter on HOPG surfaces.’®® The alighment and
periodicity of AuNPs are determined by the SAMN template, but only when the lengths of the

alkyl chains in the host and guest match one another.

Model systems to understand and to control the organic/metal interface in organic electronic

devices

Controlling molecular adsorption at the organic/metal interface is essential*®*'> for designing
molecular electronic devices, in which individual molecules are employed as wires, switches,
sensors, current rectifiers, and transistor components.”1%-29 |nyestigating the structural and
chemical properties of such interfaces also has major implications in organic electronics,?! in
which molecular thin films are used as semiconducting layers or band-alighment interlayers of

light-emitting diodes, transistors, memories or solar cells.?%2-204 Specifically, the local structure of
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the metal/insulator/organic interface plays major roles in determining charge injection or
collection at the electrodes, yet it is still poorly understood. In this context, STM has been widely
used to image SAMNs and organic/metal interfaces in real space, with the aim of understanding
and improving the performance of organic electronic devices. Likewise, device measurements

determine the effectiveness of the molecular layers.

As discussed above, TCNQ adsorption is a notable example of modification of the surface
structure by adsorbed organic molecules.'*® Due to strong charge transfer induced across the
interface, both the substrate and the molecule can undergo significant structural
rearrangements. The TCNQ is a prototypical m-electron acceptor that has given rise to many
organic metals and magnets. TCNQ/copper interface is an important model for doping and band-
alignment layers in organic semiconducting devices. In this case, charge transfer induces strong
chemical bonding between the lone pairs of the nitrogen atoms and the d.,? orbital of copper
atoms. In addition, the stress field created around the reconstructed copper atoms strongly
affects the self-assembly of TCNQ molecules. Such changes can significantly affect the charge

injection at the metal/organic semiconductor interface.

Charge transport at the organic/metal interface could also affect the chemical reactivity of the
molecules, inducing dissociation reactions on metal surfaces brought about by hot electrons, that
is, electrons excited above the Fermi level of the metal then transferred to the unoccupied states
of the molecule. Bond dissociation induced by injected electrons from the STM tip has been
studied in various reactions?°>2% including the dehydrogenation of the benzene rings of cobalt
phthalocyanine (CoPc),??” dissociation of C-Cl in chlorobenzene?°® and C-l in iodobenzene,?% and

dissociations of C-S bond in a conjugated thiol derivative.?*?
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Figure 14. Scanning tunneling microscope images of FisCuPc (structure in inset) on (a) Ag(111)
and (b) Au(111) before pulsing. (c,d) Same images after a pulse at -3.0 and -3.2 V on top of a
molecule, respectively; the blue dot, rectangles, and circles represent the pulsing position,
reacted molecules, and bright molecules not induced by pulsing, respectively. Proposed structure
models of F1sCuPc on (e) Ag(111) and (f) Au(111). Reproduced from ref 21, copyright 2009 ACS.

By using hot electrons from a STM tip, Chen et al. demonstrated different nonlocal chemical
reactions in one monolayer of copper perfluorophthalocyanine (F16CuPc) adsorbed on Ag(111)
and Au(111).?'! Figure 14 shows that Fi1sCuPc adsorbs in a flat-lying configuration with its
molecular rt-plane parallel to the metal surface. On both surfaces, the molecules appear as four-
leaf features corresponding to F-substituted benzene rings. After electron injection by STM
pulses, one of the molecule’s four arms appeared shortened, which was attributed to its chemical
decomposition, most likely dissociation of the C—F bond(s). Interestingly, the reaction was
observed to occur as far as 12 nm distance from the tip (Figure 14c). The statistical analysis of
the radial distribution of reaction events shows that such non-local reactions are induced by

lateral propagation of hot electrons.
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Such transformations could also plausibly occur during normal device operations; they are
extremely difficult to detect using common analytical techniques yet could be detrimental to

device longevity.

Assembly on non-conducting substrates

While metallic (or HOPG) surfaces have been the prime substrates for the majority of STM studies
of supramolecular self-assembly, assembly on non-conducting surfaces is highly essential for
most optoelectronic applications of the SAMNs. Indeed, conducting substrates can readily
guench the fluorescence and mask semiconducting properties displayed by many aromatic
molecules explored in such studies. There has been excellent progress in forming SAMNSs on the

212215 and it is possible, using AFM, to identify

surfaces of bulk alkali halide crystals in vacuum
molecular ordering within adsorbed monolayers. In some cases, for example PTCDA on alkali
halides?'®, molecules are adsorbed in a face-on orientation, similar to the geometry on metal
surfaces.?!” However, a weaker interaction of molecules with the surface can alternatively result
in a morphology dominated by intermolecular forces. This can lead to an edge-on orientation as
demonstrated by Maier and coworkers who used non-contact AFM (nc-AFM) to study
cyanophenyl-substituted porphyrin derivative on KBr(001).2'> These molecules assemble in n-

stacked ‘molecular wires’ with ~0.5 nm spacing, preferentially arranged along the step edges of

the substrate.

The growing interest in two-dimensional materials has attracted attention to hexagonal boron

nitride (hBN), a layered insulator which is isostructural to graphite/graphene, but contains a
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boron and a nitrogen atom instead of two carbon atoms in its 2D unit cell. This substrate provides
an atomically smooth surface with almost no dangling bonds and large terraces (up to tens of
microns).?® hBN is available in two common forms: as exfoliated flakes with thicknesses from a
monolayer up to tens of nanometres, or as monolayers grown by chemical vapor deposition
(CVD) on metal surfaces. hBN grown on metals commonly exhibits a moiré pattern?!® that
provides a unique template for the preferential adsorption of atoms,?2%22! atomic clusters,??? or
molecules.?20:223224 |n this |atter form, the hBN is sufficiently electronically transparent to support
STM investigations of surface structure and supramolecular arrangements. While hBN
monolayers on metals promote significant electronic decoupling of the molecules from the
underlying substrates, the properties of the latter are nonetheless affected by the metal
substrate. For example, Joshi and coworkers studied the effect of the hBN/Cu(111) substrate in
templating the growth of molecular arrays of free-base porphyrin donors and TCNQ acceptors.??>
Porphyrin exhibits the smallest electronic bandgap at the “hills” and the largest bandgap at the

“valleys” of hBN due to subtle modulation of screening.??>
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Figure 15. Hydrogen-bonded self-assembled molecular networks on hexagonal boron nitride
(hBN). (a) Molecular model and (b) atomic force microscopy (AFM) image of melamine cyanurate
formed by co-assembly of cyanuric acid and melamine; the observed moiré pattern is due to
interface with hBN. (c) Heterostructure formed from by nanoporous array of trimesic acid (period
~ 1.6 nm, lower half of AFM image — see also schematic structure below) on melamine cyanurate
(period ~ 1 nm, top centre); image in inverted contrast. (adapted from ref?26, copyright 2017 NPG
) (d) Molecular model and (e) AFM of a self-assembled square phase of 5,10,15,20-tetrakis(4-
hydroxycarbonylphenyl)porphyrin on hBN. (f) Minority hexagonal network co-existing with
square phase (adapted from ref 227, copyright 2015 ACS [ACS AuthorChoice Article]).

In contrast, exfoliated hBN flakes with thicknesses greater than 5-6 layers are too resistive for
STM, and AFM must be used to image surface structures. It has been demonstrated that highly
ordered thin films of organic semiconductors, including rubrene and pentacene can be grown on
exfoliated hBN, and, further, that these flakes can act as a dielectric layer in a planar organic field

effect transistor geometry, thus realising devices with high carrier mobility.222-230 While these
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organic layers were grown from the vapour phase it has also been shown that molecular
assemblies can be deposited on hBN from solution, and that AFM under ambient conditions
provides sufficient resolution to characterise the molecular arrangements within the resulting
monolayer and multilayer films. The availability of hBN as an insulting substrate compatible with
SAMN formation under standard atmospheric conditions greatly extends the range of relevant
materials and potential applications. Several examples of SAMNs on hBN deposited from solution
have now been demonstrated including a porous bimolecular network formed from
perylenetetracarboxydiimide (PTCDI) and melaminel’®23! as well as large monolayer and
multilayer islands of melamine cyanurate.??® Figure 15a and b show, respectively, a structural
diagram and high resolution AFM images of melamine cyanurate which forms a honeycomb
SAMN with a lattice constant of 0.98 + 0.02 nm. Interestingly, moiré patterns may be clearly
resolved at the melamine cyanurate/hBN interface (Figure 15c), and furthermore, the formed
melamine cyanurate islands can be used as a substrate for the growth of further supramolecular

layers, for example of trimesic acids, giving rise to highly ordered organic heterointerfaces.

SAMNs of not completely planar molecules such as 5,10,15,20-tetrakis(4-
carboxyphenyl)porphyrin (TCPP, Figure 15d) can also be formed on hBN.??” Two typical
supramolecular structures are observed, namely the square and hexagonal arrangements
presented in Figure 15e,f. These structures are stabilized by vdW interactions between the
molecules and the underlying hBN and by intermolecular hydrogen bonding. Measuring the
fluorescent properties of TCPP on hBN revealed a significant red shift of the emission peak
compared to these molecules in solution, which was attributed to conformational changes due

to molecular deformation mediated by substrate-molecule interactions. The correlation between
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optical properties and molecular organization within a 2D layer has also been investigated
recently under vacuum conditions using both fluorescence??233 and STM-induced
luminescence.?3%%3% |n these studies, chromatic shifts have been attributed to the coupling of
transition dipole moments of neighboring molecules, and can be engineered either through
supramolecular organization or by manipulating individual molecules using the tip of a scanning

probe microscope.

Calcite (CaCOs) provides an alternative insulating substrate that can support the formation of
well-ordered SAMNs via vacuum sublimation.?®® The interactions of adsorbed layers with
photons have also been investigated on this surface, including light-induced changes in

conformation of a photochromic molecule 4-methoxy-3,3',5,5'-tetra-t-butylazobenzene.?3’

4-methoxy-3,3',5,5'-tetra-t-butylazobenzene

Together these results highlight the possibilities of the combined study of the fluorescence,
photochemistry and spatial ordering of molecular assemblies with potential applications in
optoelectronics, integration with other two-dimensional materials such as metal

dichalcogenides, and fundamental optical studies relevant to organic photovoltaics and sensing.
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On-surface reactions

The templating effect of crystalline surfaces in pre-organizing reactive molecules creates special
opportunities for manipulating the direction of coupling reactions,?*® controlling the structure
and order of covalent macromolecular systems. This approach was used in 1997 by the De
Schryver?®® and Aono?*° groups in photo- and STM-tip induced?*! 1,6-addition of diacetylene
derivatives in monolayers on HOPG. Unlike the many cases of diacetylene polymerization in 3D
(occurring through topotactic single-crystal-to-single-crystal transformation), the reaction was
much less efficient on HOPG, as the polymer size was limited by frequent “chain-termination”
defects. Another notable early attempt of on-surface polymerization is electrooxidative growth
of conjugated polythiophenes on iodine-covered Au(111) electrodes by Sakaguchi et al.?*? In
contrast to diacetylene polymerization, the thiophene monomers are not preorganized on the
surface, but the adsorption of the growing oligomers from solution leads to ordered domains of
polythiophenes oriented along [111] directions. This growth results in crystalline domains of
polythiophenes aligned along one of the three crystallographic axes of Au(111). Subsequent work
from the same group has also demonstrated epitaxial growth of diblock copolymers (containing
thiophene units with different substituents).?*3> While the electrochemical growth of thick and
usually amorphous polythiophene films is straightforward, carrying out this reaction controllably

is challenging.
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Catalytic on-surface polymerization

The game-changing reaction that has enabled much of the explosive growth of the field of on-
surface polymerization is Ullmann coupling, which links halogenated aromatic rings with a C—C
bond. Initial STM insight into Ullmann coupling was provided by Weiss and coworkers who
showed alignment of the surface-bound phenyl intermediates and pairs formed from
iodobenzene on the Cu(111) surface.!'! In the early 2000s, Hla et al. reported the STM-tip
controlled coupling of iodobenzene on Cu(111), to produce biphenyl.2%® Weiss and coworkers
demonstrated that depositing of p-diiodobenzene on Cu(111) at 77 K leads to the growth of lines
of protopolymers.?** This protopolymer was later identified by Lipton-Duffin et al. as an
organometallic intermediate linked via C-Cu-C bonds, which converts to covalent
poly(p-phenylene) (PPP) by annealing at 470 K (Figure 16).2%° In 2007, Grill et al. showed that C-C
coupling of aromatic halides can also be initiated on Au(111) at above 600 K.2*¢ They
demonstrated the growth of a two-dimensional network from 5,10,15,20-tetrakis(4-
bromophenyl)porphyrine, highlighting the new opportunities offered by on-surface chemistry. A
number of 2D conjugated polymers were synthesized by coupling various polyhalogenated
aromatics on Au, Ag and Cu surfaces.?*2°0 |n addition to its catalytic effect, the surface plays a
crucial role in templating the 2D growth of the polymers, which would otherwise collapse into

disordered 3D crosslinked networks.

Cu(110)
170-370K N 410-450K n

+ X@Cu
X,X'=1, Br, Cl +X'@Cu
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Figure 16. Ullmann polymerization of dihalobenzene on Cu.

The templating role of the substrate is also important in 1D Ullmann polymerization on strongly
interacting surfaces such as Cu and to a lesser extent on Au®>! (as one measure of the interactions
on Au(111), unlike more strongly bound adsorbates, benzene does not even lift the surface
reconstruction).?>2 Both organometallic intermediates and the final polymer can maintain strong
epitaxial relationships with the substrate and at low coverage, the reaction intermediates can
interact via perturbation of the substrate electrons.''%2** Depending on the size and surface
density of the monomer, and the crystallographic orientation of the substrate, polymer chains
adopt different yet strictly fixed orientations on the Cu surface. On the other hand, the mismatch
between the periodicity of the surface along these directions and the polymer creates strain in
the latter, suppressing polymer growth or even quenching polymerization. Thus, the length of
the PPP chains formed from 1,4-dibromobenzene polymerization on Cu surfaces varies along
different directions, with the longest being oriented along the <1-1+2> direction, which has the

closest epitaxial match.?>3

A mechanistic understanding of the Ullmann polymerization is essential for developing
approaches for structural control of the resulting polymers, which thereby has been the subject
of various recent theoretical and experimental studies.?*®2°42%6 On Cu surfaces, the C-X bond
dissociation happens readily below room temperature for I, Br (and slightly above for CI?>7:238),
while the subsequent formation of C—C bonds between metal-linked carbons is the rate-limiting
step (Figure 16). In aromatics with multiple halogens, which C-X bonds are broken can thus be

controlled thermally.?>8260 While C-C coupling typically occurs at 150-200 °C, the rate of the
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coupling reaction depends on the nature of the halogen.?*® The halogen could, in principle,

stabilize the organometallic intermediate by binding to the bridging metal center (C-Cu-C) and

thereby affect the reaction rate.!11,261

a)

L O
o L

Br Br 400 K

Figure 17. On-surface synthesis of fused polyrylene (5-GNR) on Au(111). (a) The reaction scheme;
(c,d) organometallic intermediates formed at 400 K; (e,f) covalent polymers formed upon
annealing at 470 K. Adopted from ref 262, copyright 2015 ACS.

In the abovementioned examples, Ullmann coupling links aromatic building blocks with single C—
C bonds. The relative flexibility of this connection allows for sterically induced out-of-plane
deformations in the polymer, including twisting (non-zero dihedral angle between the aromatic

263

rings), which limits the electron delocalization as well as bending,*°® which results in structural
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defects in 2D polymers (e.g., pentagon/heptagon defects in hexagonal networks?*°). These
defects could be suppressed by connecting the building blocks with two bonds, as demonstrated
by Chi and co-workers in converting tetrabromonaphthalene in fully fused polyrylene on Au(111)
(Figure 17).2%2 The latter represents the narrowest graphene nanoribbon (5-GNR) obtained via

molecular precursor route.

Due to its selectivity, predictability, and broad applicability for both the monomers and surfaces
(Cu, Ag, Au), dehalogenative Ullmann coupling has become the most general and useful method
for surface-confined synthesis of macromolecular structures. The methodology has also been
extended to the coupling of non-aromatic alkynylbromides,?%* alkenylidenedibromides,?®> and
alkylbromides?®® (Wurtz reaction). Its main limitations are the need for pre-functionalizing the
monomer with the active halogen group, the reduced volatility of the halogenated monomer and
the formation of metal halide side products. The latter can block the reactive surface and limit
the growth of the polymers, although the low thermal stability of some halide adlayers (e.g.,
bromine on gold) allows cleaning the surface by annealing at moderate temperatures. Non-
halogen functional groups can also be used in on-surface polymerization (e.g.,
polydecarboxylation of naphthalene-2,6-dicarboxylic acid?®’), but they remain subject to the

above limitations.

In this respect, direct CH activation on metal surfaces followed by C-C coupling provides an
interesting alternative to the Ullmann reaction. On-surface polymerization via CH activation was
serendipitously discovered by Veld et al. upon annealing (~450 K) of tetrakis(p-tolyl)porphyrin on
Cu(111).2%8 More recently, a similar dehydrogenative C-C coupling was reported for

octaethyltetraazaporphyrin on Au(111). Controlling the precursor deposition process, the

50



authors were able to steer the reaction to either intermolecular coupling, producing polymer
chains fused by newly formed naphthalene rings, or intramolecular coupling, resulting in
selective formation of phthalocyanine.?®® While in the above examples, the ease of
dehydrogenative coupling could be intuitively attributed to the activating role of the aromatic
rings, this functionality is not a precondition for on-surface coupling. Indeed, even linear alkanes
can undergo dehydrogenative polymerization via terminal CHs groups forming polyethylene

chains, when heated to 150-200 °C on high-index Au surfaces.?”°

Several groups reported dehydrogenative C-C coupling of terminal alkynes, resembling Glaser-
Hay solution-based reaction. Despite substantial progress,?’*?73 this approach is not nearly as
efficient as Ullmann coupling. The polymer networks formed by this method suffer from both
topological defects, brought about by the high flexibility of the resulting butadiyne links as well
as structural defects, due to competing alkyne addition reactions,?’* forming benzene, diene and

enyne connections.

Only a few examples of on-surface polymerization proceeding through CH-activation of aromatic
precursors are known.?”> Surface-catalyzed cleavage of Csp2-H bonds is more difficult than that in
both alkanes (sp®) and alkynes (sp), due to their low acidity and high strength. Also, selective
activation of just one of the many CH bonds present in typical aromatic precursors is an additional
challenge. Nevertheless, intramolecular dehydrogenative coupling leading to ring fusion and
planarization of sterically congested aromatics has been widely used in on-surface chemistry,?’®
and is an essential part of the on-surface synthesis of graphene nanoribbons described hereafter.

Intermolecular dehydrogenative coupling was recently demonstrated for p-quaterphenyl

connecting these monomers into polyphenylene chain via meta-positions of terminal phenyls.?’’
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The reaction was also extended into 2D by using cobalt phthalocyanine as a precursor.?’® In
classical organic synthesis, regioselectivity of dehydrogenative coupling is most often provided
by directing groups. On-surface implementation of this approach was reported by Chi and
coworkers who showed C-C coupling of 4-hydroxyphenyl-terminated monomers, via one or both
ortho-positions of the hydroxyphenyl moiety, on Ag(111) or Au(111), respectively.?”?
Interestingly, the XPS results suggest that the directing hydroxyl groups are removed from the
resulting polymers upon annealing at 250-300 °C, although the mechanism of such dissociation

and the termination of the corresponding carbons atoms, are not understood.

H H
OO0 O : Oy
p-quaterphenyl

OH

4,4"-dihydroxy-p-quaterphenyl 1,3,5-tris(4-hydroxyphenyl)benzene

On-surface dynamic covalent polymerization

Despite significant progress in improving the order of on-surface synthesized covalent networks,
their structural quality is limited and does not compare to that of graphene prepared by high-
temperature CVD. This difference is likely an intrinsic limitation of synthesis under “kinetic
control”, where the (entropically favored) defects, once formed, remain a part of the structure.

Dynamic covalent chemistry (DCC) offers a possible solution to this problem: reversible formation
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of covalent bonds enables error-checking and self-healing, as was demonstrated by Yaghi and
coworkers in preparation of crystalline covalent organic frameworks (COFs).?8 Potentially, COF
monolayers could combine the self-assembly of SAMNs with robustness and strong electronic

coupling of covalent polymers.

On-surface DCC has been applied for the synthesis of 2D polymers via polycondensation
of boronic acids,?8128¢ polycondensation of aldehydes with amines (Schiff base reaction),8%287-289
as well as combinations of both.?®® Experiments performed on Ag (111) in a UHV-STM chamber
led to highly disordered networks because the condensation by-product (H,0) necessary for the
reverse reaction, does not remain on the surface in UHV.?®! In order to provide dynamic
equilibrium conditions in on-surface polymerization both solid-liquid and solid-gas interfaces

have been explored, primarily on HOPG.

Polymerization at solid-liquid interfaces is appealing because of its simplicity and dynamic
surface/solution exchange, which can select for adsorption of ordered 2D polymers while leaving
small molecular impurities and 3D macromolecular structures in solution. However, the selective
adsorption makes control of stoichiometry in multicomponent reactions more difficult.?84287
Avoiding competing in-solution polymerization, which can result in precipitation of disordered
COF particles on the surface, is another challenge. Some studies suggest that it might be possible
to suppress in-solution-polymerization because the “local concentration” effect upon on-surface
adsorption can accelerate the condensation reaction by four orders of magnitude.?®! Indeed,
partially ordered COF monolayers have been prepared at solid-liquid interfaces by controlling the

289

solution concentration?® and the pH.28” The solution concentration was also reported to steer

the structure of the imine-linked COF monolayers, between Kagome and oblique 2D lattices.??
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The most ordered COF monolayers have been prepared at the solid-gas interface, where
the reactive components are delivered either by prior casting from solution® or by
evaporation;?8® annealing at increased temperature in high-humidity atmosphere is used to
accelerate the self-healing process. The use of hydrated salts (CuSO4'5H20) in humidity-
controlled chambers allows control of the release of water upon heating and its reabsorption
during the cooling process, thus accelerating the dynamics of the reaction and shifting the
equilibrium towards the COF.?® Furthermore, the reactive monomers can be delivered to the
surface dynamically, via gas-phase.?®® This strategy works best for copolymerization of
monomers with different volatilities and results in highly ordered COF monolayers (Figure 18).

However, the reaction temperature appears to have a dramatic effect on the uniformity of the

resulting COF.

Figure 18. On-surface synthesis of an imine covalent organic framework (COF) via solid-vapor
phase strategy. a) Schematic diagram showing sequential drop-casting and in situ dynamic vapor
deposition of the monomers followed by annealing-induced polymerization. b) Reaction of tris(4-

54



aminophenyl)benzene (TAPB, drop-casted) and terephthalic aldehyde (TPA, introduced from the
gas phase) forming a long-range ordered hexagonal COF imaged by STM (inset: a two-
dimensional fast Fourier transform (2D-FFT) of the image). Adapted from ref 28, copyright 2013
ACS.

Graphene nanoribbons

Templating effect of surface has also been paramount in synthesis of quasi-one-dimensional
materials such as graphene nanoribbons (GNRs). The GNRs can exhibit intriguing physical
properties such as width-dependent electronic bandgaps,?3?°* photoconductivity,?®> and
superlubricity.?®® A topic of interest in the condensed matter community is how to exploit the
precise control of GNR width and edge geometry to modulate its electronic properties. In
particular, the edge state of GNRs can determine their electronic structure and result in low-
dimensional magnetism at zigzag edge GNRs.?°’ There are two general strategies for the synthesis
of GNRs: top-down and bottom-up. The former was first developed with an emphasis on device
fabrication using micrometer length GNRs; the latter bottom-up methods can form GNRs with

well-defined width and edge structures.?”,298-308
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(a) Precursor monomer ‘Biradical’ intermediate
e 9P \ .
%

Figure 19. Bottom-up synthesis of graphene nanoribbons (GNRs). (a) A scheme showing the
precursor monomer showing its halogenation, polymerization and cyclodehydrogenation
forming GNR. (b) Scanning tunneling microscope (STM) image of linear 7-GNRs after
cyclodehydrogenation at 400 °C. (c) High-resolution STM image showing GNR nanostructure with
overlaid molecular model (blue). Adapted with permission from ref 3%, copyright 2010 NPG.

So far, the bottom-up synthesis of GNR has been mainly limited to UHV conditions, although
recently Sakaguchi et al. demonstrated the large-scale growth of armchair-edged graphene
nanoribbons (AGNRs) using CVD in low vacuum.3% In all cases, such syntheses are based on
surface-assisted polymerization of molecular precursors on coinage metals followed by ‘fusion’
of the resulting linear polymer into GNR. This approach was pioneered by Cai et al.3% and is

illustrated in Figure 19a. This two-step thermally activated conversion of the molecular precursor
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10,10’-dibromo-9,9’-bianthracene (DBBA) forms linear polyphenylenes, and the subsequent
cyclodehydrogenation reaction results in GNRs with well-defined widths and arm-chair edges
(Figure 19b and c). Recent updates of bottom-up GNRs fabrication can be found in the reviews
of Narita et al.,3'° Talirz et al.,’” and Xu et al.3!* The former two reviews highlight GNR synthesis
with heteroatoms such as nitrogen at atomically defined positions. The latter describes recent
progress on the scalable template growth of GNRs on SiC, as well as the directed growth of GNRs

on nickel nanostructures.

8
N=14 (type ll)
> A

Figure 20. (a) Models of the armchair and zigzag graphene nanoribbons (GNRs) showing edge
structures (reproduced from ref 312, copyright 2016 NPG). (b) Scanning tunneling microscope
image of (3,1)-GNR on Cu(111); the white arrows represent the connected GNR with continuous
n-conjugation, the red and blue arrows display regions in which the m-conjugation is not
continuous (reproduced from ref 3%, copyright 2015 ACS). (c) High coverage of 6-zigzag GNR
(ZGNR)-decorated Au(111) surface; scale bar 20 nm; the inset shows alternation of bright
features, which indicates the zigzag nature of the structure. (d) Non-contact atomic force
microscope (AFM) frequency-shift image of edge-modified 6-ZGNR; scale bar 1 nm (reproduced
from ref 312, copyright 2016 NPG). (e) Atomic force microscope image of boron-doped GNRs with
different lengths (adapted from ref 313, copyright 2015 NPG [Open Access)).
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A reliable protocol for the mass production of GNRs should ultimately achieve the desired
practical application. For example, the precise control of GNR width and edge type allows the
direct integration of GNRs on insulating or semiconducting substrates for device fabrication. In
particular, proper selection of the precursor monomers allows one to assemble specific GNRs

selectively with either armchair or zigzag edge structures (Figure 20a).

The reactivity of the metal substrate is also important for surface-assisted molecular self-
assembly of GNR, and other metals besides Au(111) have been used, such as Cu(111),30>302
Cu(110),3** and Ag(111).3% For example, Han et al. reported that DBBA precursor, which leads to
AGNR on Au(111) at 400 °C,390:3% affords isomeric (3,1)-GNRs when the reaction is carried out on
Cu(111) at 500 °C (Figure 20b).3% This result was attributed to cross-dehydrogenative
polymerization via 6,6'-positions of DBBA instead of dehalogenative Ullmann polymerization via

10,10'-positions.

The importance of surface reactivity was further demonstrated by Simonov et al.3* who
compared the assembly of DBBA on two Cu surfaces with different crystallographic orientations.
On Cu(110), the self-assembly of DBBA is hindered due to the strongly anisotropic feature of
Cu(110) that suppresses the covalent coupling of DBBA fragments, and consequently no
polyanthracene chains are formed. In contrast, Ullmann coupling is facile on Cu(111). Chen and
colleagues expanded the width of AGNRs by employing a m-extended DBBA derivative in
polymerization on Au(111).3°* Huang and coworkers used the Ag(111) substrate to extend the
width of DBBA-derived GNRs through dehydrogenative ring fusion, affording the ribbons with

double (14-AGNR) and triple (21-AGNR) width.3%®
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The fabrication of zigzag GNRs (ZGNRs) has proved more challenging, and Ruffieux et al.
demonstrated the self-assembly of well-defined 6-ZGNRs using surface-assisted aryl-aryl
coupling on Au(111) (Figure 20c).3*? Non-contact atomic force microscopy imaging confirmed
that the observed width and edge morphology correspond to the 6-ZGNR structure (Figure 20d).
Substitutional doping of GNRs by boron and nitrogen atoms has also been demonstrated.313316:317
For example, boron atoms can be introduced into the GNR structure as a BCz Lewis acidic site at
the center of the AGNRs. The STM image contrast is typically used to identify the perturbed
electronic structure since boron atoms serve as electron-accepting sites. Further annealing of the

substrate at 510 °C results in B-doped GNRs with different widths (Figure 20e).

The scope for structural diversity and control of GNR prepared via on-surface polymerization is
almost as limitless as the variety of possible building blocks. By combining several building blocks,
even more functionally complex structures such as atomically precise GNR heterojunctions can
be realized.3!8 Likewise, it should be possible to use STS to test connections to determine how to
create optimized contacts with aligned electronic bands. This study could be done by selecting
combinations of precursors and reaction conditions known to result in a range of products.304319
That is, reactants (graphene precursors) and reaction conditions can be selected to yield a range
of junctions upon reaction. These connections (contacts) can then be measured individually (on
the same substrate surface) with STS to test if the molecular orbital structure is continuous and
node-free. Ultimately, it will be the mesoscale control of these structures (the lengths of GNRs
and their relative positions on the surface) that will determine our ability to integrate these

materials into functional electronic devices.
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On-surface discovery of new reactions and new molecules

Most current efforts in on-surface synthesis have relied on adopting well-established solution
chemistry, which is challenged by dramatic differences in the kinetics and mechanisms of
chemical reactions in solution and on solid surfaces. In addition, SPM studies of molecules
adsorbed on reactive surfaces have also led to the discovery of new reactions and preparation of

exotic molecules, which are not possible to synthesize via standard solution chemistry.

Ni(111)

— U
f

Figure 21. (a) Reaction scheme and (b) Scanning tunneling microscopy image of pentacene
formed from tetrathienoanthracene on Ni(111); X = Br or H. Adopted from ref 32°, copyright 2013
ACS.

In an attempt to use a Ni surface to initiate Yamomoto-type polymerization, Dinca et al. reported
the formation of pentacene Cx;His on Ni(111), starting from a tetrathienoanthracene precursor

(Figure 21).320:321 The reaction occurs via nickel-induced sulfur abstraction from the thiophene
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rings followed by C—C coupling resulting in the fusion of two benzene rings to the anthracene
core. The structure of the product was established via a combination of STM imaging with
secondary-ion mass spectrometry (SIMS) analyses. Note that as-prepared pentacene misses
several hydrogen atoms and the desulfurized/debrominated carbons are presumed to bond
covalently with the Ni. These carbons, however, are spontaneously protonated upon exposure
of the surface to atmospheric moisture, as confirmed by SIMS analyses of isotope distribution in

samples exposed to D0 vapor.

Heptacene
Triangulene
Nonacene 9

Dodecacene

Surface immobilization and UHV conditions have enabled synthesis and SPM characterization of
exotic molecules that are not accessible by traditional organic synthesis. Thus, unsubstituted

acenes longer than hexacene are not stable and cannot be isolated under ambient conditions.

322 323

However, heptacene,3?? and even (previously unknown) nonacene3?® and dodecacene3?* have
been recently synthesized on Ag(111) and Au(111) surfaces by retrocyclization or
dehydrogenation of their stable precursors. In a similar approach, synthesis of a triangulene
biradical via dehydrogenation on Au(111) and its detailed characterization via nc-AFM, STM, and

STS have been reported.3®
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Figure 22. Transformation of oligo(o-phenylene ethynylene) (Reactant 1) into isomeric polycyclic
aromatic hydrocarbons via a combination of 1,5- and 1,6-cyclization reactions on Ag(100).
Reproduced from ref 326, copyright 2013 AAAS.

High-resolution nc-AFM provides impressive opportunities in discovering the unusual on-surface
reactivity of organic molecules. Thus, de Oteyza et al. showed the Bergmann-like cyclization of
oligo-o-phenyleneethynylene (Reactant 1) on Ag(100), leading to a variety of new polycyclic
aromatic hydrocarbons (Figure 22).326 The molecular diversity results from a combination of 1,6-
and 1,5-cyclization pathways. While both of these cyclization pathways have precedence in

solution chemistry, the structural identification of the produced isomers would have been

extremely challenging without direct imaging by nc-AFM.
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From the concept of reaction dynamics to surface reactions

By combining STM imaging with theoretical calculations of model cases of molecular dissociation,
Polanyi’s group has brought the fundamental concepts of reaction dynamics and kinetics to the

study of surface reactions.

A fundamental finding in reaction dynamics is that the location of the crest of the potential
energy barrier, attributed as “early” or “late”, along the reaction coordinate in simple atomic-
transfer reactions can be a useful index of the dynamics.327-32° The location of the crest lies along
the approach coordinate for the reactants, and the retreat coordinate for the products, for
“early” and “late” barriers, respectively. Polanyi and coworkers applied this concept to simple
dissociation reactions, of H, or HCl adsorbed on Si(100)-2x1, in which the location of the energy
barriers were linked to the final surface reaction products.33® The “early” barrier, whose
activation energy is lower than the “late” barrier, is driven by the translation energy, while the
“late” barrier is led by the vibrational energy. This finding suggests a means for steering reactions
by reagent translation or vibration, leading to the dissociative attachment at closer or further

separations on a surface.
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Figure 23. Scanning tunneling microscopy images obtained before (Panels 1) and after (Panels 4)
electron-induced reaction from a (A) monomer, (B) staggered dimer, (C) linear dimer, and (D)
linear trimer. The calculated adsorption geometries are shown in Panels 2 (top view) and Panels
3 (side view). Sites on the copper substrate are indicated in panel 2 of (A): long bridge (L), short-
bridge (S) and 4-fold hollow (H). The diagrammatic calipers indicate the terminal | to | distances
in nanometers in both the Initial state (I.S.) and Final state (F.S.) In panels 4, the distances in
nanometers are the F.S. separations between the |-atoms. On average the l-atoms were
displaced 0.36 nm from their initial positions. The number of observed cases is indicated as N in
each panel. Reproduced from ref 331, copyright 2011 ACS.

A number of experiments explore the reaction path and kinetics of dissociative reactions of

haloalkanes and haloarenes on Cu(110).331-333 The STM can be used to follow the adsorbed
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molecules from the physisorbed (self-assembly) state to chemisorbed (imprinting) state. In the
case of p-diiodobenzene, the initial separation of the two terminal iodine atoms of the monomer,
dimer, or trimer assembly imprints the final product. The terminal iodine atoms, which undergo
electron-induced dissociation induced by the STM tip, will move 0.7 nm further apart from the
initial separation. Therefore, the physisorbed molecule(s) acts as a “molecular caliper”, which

determines the final local separation of its terminal iodine atoms (Figure 23).33!

Decoupling from the substrate

Once molecular systems adsorb on surfaces, their intrinsic electronic and optical properties are
modified by their interactions with the substrate, which can lead to quenching of an excited state
or metallization of the semiconducting structure. Electronic decoupling of adsorbates from the
substrate would be required for most of the anticipated applications of on-surface synthesized
2D polymers or GNR. One solution to decouple the organic layer from Ag(111), is the addition of
iodine, that forms a monolayer on the surface underneath the organic nanostructures. Upon
exposure to I, vapor, the synthesized covalent organic nanostructures are less coupled to the

surface and structurally relax.33*

Alternatively, non-metallic surfaces could potentially be used as catalytic templates in growing
such structures. For instance, dehalogenative (Ullmann-like) coupling of diiodobenzoic acid
(DIBA) and even dichlorobenzoic acids (DCBA) was reported to take place on a surface of calcite
at temperatures as low as 260 °C. The carboxylic groups deprotonate and chemisorb to the calcite

surface, preventing desorption of the molecules in UHV.33 Using larger (less volatile)
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diiodoterfluorene monomer (DITF), polymerization was also achieved at 260 °C on a reduced
TiO2(011)-(2x1) surface, and its efficiency was correlated with the density of surface hydroxyl
groups. Reportedly, polymerization does not occur on surfaces without hydroxyl groups, and is
most effective with a moderate amount of hydroxyl groups.33¢ However, the mechanism of this
coupling reaction is not known, and subsequent studies on TiO2(110)-(1x1) suggest efficient

polymerization of dibromo-p-terphenyl despite “negligible” amounts of hydroxyl groups.33’

5 -~y

dibromo-p-terphenyl

Perhaps even more promising is the use of non-conducting substrates to template
polymerization via non-catalytic reactions. Thus, conversion of diacetylene monomers into
polydiacetylene, that has been studied by STM on HOPG since the 1990s,%3%240 has recently been
re-examined on calcite surfaces, using thermal initiation.33® This same reaction has also been
realised on hBN?%° and, importantly, an increased efficiency of polymerization on hBN versus

HOPG was found.339:340
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Reactions with the substrate

The interaction strength of the adsorbate with the substrate ranges from weak
physisorption to strong chemisorption with significant covalent character. Strong covalent
interactions with the surface can impede the above discussed supramolecular assembly as well
as polymerization by arresting the diffusion of the molecules. On the other hand, the resulting
chemisorbed molecular monolayers are more robust and generally more effective in tuning the
properties of the substrate. Thus, many applications of graphene are limited by its zero band gap.
Non-covalent modification of graphene with SAMN can generate a periodic electrostatic
potential and change some of its properties (e.g., polarity of the major charge carrier),3*! but is
less likely to open the gap significantly in its band structure. Introducing sp? defects in a controlled
manner is a promising strategy towards this objective. Thus, self-assembly of long aliphatic chain
molecules with a aryldiazonium group on graphene leads to an ordered monolayer.3*? After
transferring to an aqueous electrolyte, the aryldiazonium cation can be converted
electrochemically into an aryl radical, which grafts covalently to the substrate thus transforming
physisorbed adsorbates into covalently bound species (Figure 24). The STM images of the
products reveal that molecular order is retained upon self-assembly, and it controls the

periodicity of spatially defined sp® defects in the substrate.
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Figure 24. Top: Electroreduction of a diazonium salt leads to aryl radicals that bind covalently to
graphitic surfaces. Bottom: Self-assembly of an alkylated aryldiazonium salt (left). Upon
electroreduction, the aryl radical binds to the graphitic substrate (right). Adopted from ref 342,
copyright 2016 ACS.

Molecules grafted on surfaces can also serve other purposes. The formation of
supramolecular assemblies in two dimensions normally employs (nearly) defect-free surfaces.
However, real surfaces are not defect-free. To gain insight into the presence of certain types of
defects on the formation of supramolecular assemblies, such defects can be introduced
deliberately. This approach was recently taken in grafting molecules on graphite.3* Covalently
modified graphite is a convenient and powerful testbed for the investigation and control of 2D
crystallization at solid-liquid interfaces. Grafted aryls act as surface defects and create barriers to
supramolecular self-assembly. They locally disrupt supramolecular networks and can alter the
nucleation, growth, and ripening of 2D crystals. Easily tunable grafting densities enable the
systematic study of the effects of such defects on supramolecular self-assembly. These defects

could be locally removed, triggering monolayer reconstructions and allowing in situ investigation

of thermodynamically unstable or metastable morphologies.3*?
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Controlled removal of high-density covalently bound or grafted molecules by STM-
induced nanoshaving was exploited for the formation of nanocorrals of well-defined size and
shape. These nanocorrals serve as confined areas for the formation of supramolecular
assemblies. It was shown that self-assembly of 10,12-pentacosadiynoic acid occurs exclusively in
the nanocorrals. The probability of monolayer formation reduced upon decreasing the size of the
nanocorrals. Alignment effects were evident where the nanocorral nanoshaving occurred at the

solid-liquid interface.3%*

Functionality: a perspective from scanning probe microscopy

measurements

Apart from templating self-assembly of molecules into supramolecular and macromolecular
structures, atomically flat surfaces played a pivotal role in exploring their functionality, at the

345 switching,'®® and electrically

sub-nanometer scale. Most of single-molecule conductance,
driven actuation3*® studies have been enabled by the use of scanning probe techniques on single-
crystal metals. Scanning probe studies also contribute to our understanding of catalytic
transformations, addressing the important role of surfaces in molecular reactivity.3*” Much of

this work has already been reviewed; here, we highlight some of the recent developments in this

area.
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Exploring polymer chain conductivity

A key challenge in molecular electronics is to develop methods to make nanoscale connections
so as to probe conductivity and charge transport through individual molecular devices. Various
approaches such as scanning probe techniques (STM and conductive probe AFM), liquid-metal
(Hg and Galn eutectic) drop electrodes, nanopores, mechanical break junctions, and
electrodeposited electrodes have been used to measure the conductivity of individual molecules
and assemblies. These methods can be divided into two broad categories: statistical34>348-3%3 and
non-statistical3>*3>® approaches. The former category explores the conductance of an ensemble
of molecules located within a two-electrode junction, in which the conductance of a single
molecule is deduced from a statistical analysis. Statistical measurements are generally less
experimentally demanding, but the results are obscured by broad distributions of data. In non-
statistical approaches, measurements are conducted on single molecules or assemblies, which

can provide deeper atomic-scale physical insight in the charge transport via “molecular wires”.

In this context, scanning tunneling spectroscopy (STS) enables tunneling current measurements
across the molecules as two-terminal conductors attached between two conductive materials
(the tip and the substrate). These measurements can be conducted in a statistical manner in
ambient, using a STM tip to create and to probe thousands of break junctions repeatedly.3*° Such
measurements can also be performed on individual molecules, which generally requires low
temperature UHV-STM but also enables high-resolution in-situ imaging of the interrogated

molecules.
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Figure 25. Lifting a single molecular chain with the scanning tunneling microscope (STM) tip. (A)
Scheme of the chain pulling procedure (B) Tunneling current as a function of the tip height during
a vertical manipulation (approach and retraction). (C-E) Scanning tunneling microscope images
(25.4 nm x 13.7 nm) of the same surface area during a vertical manipulation series. The short
chain at the upper images serves as a reference, while the longer chain is manipulated, and
changes its shape during the pulling processes. (F) Chemical structure of dibromoterfluorene
(DBTF). Reproduced from ref 357, copyright 2009 AAAS.

Grill, Hecht, and coworkers reported the conductance measurements of polymeric molecular
wires using an original approach where the polymer chain is “pulled out” from surface by a STM
tip.3°73%8 They first prepared individual polyfluorene wires on Au(111) by in-situ Ullmann-like
polymerization of dibromoterfluorene (DBTF) at 520 K (Figure 25).3>” The out-of-plane methyl
substituents on the fluorene ring weakens the interactions with the surface resulting in fast

diffusion of the monomers. This mobility leads to the formation of extended polymeric chains
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>100 nm long, which are sufficiently mobile on Au(111) and can be manipulated by a STM tip

without any rupture of the chemical bonds.

The manipulation procedure starts with the STM tip approached and positioned at one end of
the chain, and the tip is then progressively retracted, so as to lift the polymeric chain from the
surface (Figure 25a). Simultaneously, the tunneling current is recorded with a higher measured
current for the retraction than the approach step for the same tip-surface distance (Figure 25b).
The chain can be then released, and comparing the STM images before and after the pulling-
release sequence shows the change of the curvature and displacement but preservation of its
structural integrity (Figure 25c-e). Chains up to 20 nm length were pulled out of the surface, with
measured conductances of ~1012 S. Assuming the cross section of a polyfluorene “wire” is
0.2 nm?, this value corresponds to conductivity of ca. 103 S/cm, which is >8 orders of magnitude
below that of copper wire. The through-chain conjugation/electron delocalization in polyfluorene
is limited by aromatic stabilization of electron sextets in its benzene rings, which explains the

rather large band gap (~3 eV) and low electrical conductivity.
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Figure 26. (a) Chemical structure and (b) scanning tunneling microscope image of bis(5-bromo-2-
thienyl)-benzobis(1,2,5-thiadiazole) monomer Br-DAD-Br and products of its coupling on Au(111)
into (c) dimer (DAD)3, (d) longer chains (DAD),, and (e) macrocycle (DAD)e. (f) Tunneling current

as a function of the tip height upon the polymer chain. Adopted from ref 3°8, copyright 2015 NPG.
[Open Access]

In bulk polymer semiconductors, alternation of donor and acceptor units is commonly applied to
reduce the band-gap and enhance the device performance. In this context, the same group has
reported on-surface synthesis and conductance measurements of a low band-gap bithiophene-
co-benzobisthiadiazol oligomers (DAD)..3°® The polymer was synthesized from brominated
monomer Br-DAD-Br by the same Ullmann-type coupling on Au(111), as a mixture of chains of
different length, up to ~23 nm and some macrocycles (Figure 26). The conductance of individual
wires was measured by performing STM tip pulling experiments, as described above for

polyfluorene (Figure 26f). Based on the decay constant () measurements, the conductance of

73



(DAD)n chains was found to be higher than that reported for other polymeric molecular wires
such as polyphenylene, polyfluorene or polythiophene.*” The presence of alternating donor and
acceptor groups in the monomer was suggested to be the key towards obtaining high
conductance in (DAD)n. This conclusion is in agreement with the fact that almost all high charge

mobility polymers are based on alternating donor-acceptor motifs.

Spintronics

Recent interest in single-molecule magnet (SMM)-based spintronics paved the way for the
investigation of intriguing physical phenomena such as spin states, magnetic anisotropy,
quantum tunneling of magnetization, and the spin Kondo effect.??33°9361 However, such
magnetic characteristics can be strongly influenced by the contact between individual molecules
with the external circuit in SMM-based spintronic devices. This presents a major challenge for
practical applications. In particular, the dissociation or deformation of the adsorbed SMM on the
electrode surface may change its properties. Therefore, in-depth studies of adsorbed SMMs are
needed to understand the SMM self-assembly mechanism and its interaction with the substrate.
The goals in this field include control of the orientation of SMMs on various surfaces,

intramolecular organization of spins, and site-directed magnetic anisotropy.
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Figure 27. Magnetic behavior of Mn12 molecules on surfaces. (a) Ball and stick model of Mn1,
molecules. Manganese atoms has two different charge and spin states: green, Mn3* (S= 2); violet,
Mn* (S= 3/2). Red (gray, white) sticks represent bonds to oxygen (carbon, hydrogen). (b) The
tunneling scheme geometry. Scanning tunneling microscope topographic images of Mni
molecules evaporated on (c) Cu(001), (d) Au(111) and (e) hexagonal boron nitride (hBN) on
Rh(111) surfaces. (f) d?I/dV? spectra of a Mni2 molecule adsorbed on a BN/Rh(111) surface at B
=0T (left) and B = 10 T (right) show peaks in the d?I/dV? spectrum (blue lines) that associated to
low energy spin-flip excitations. Adapted from ref 223, copyright 2012 ACS.

The field of SMM was pioneered by the development of polymetallic manganese acetate (Mniy)
molecules.??>362 These studies primarily encompass the magnetization behavior of SMM
molecules at low temperature, and typically reveal magnetic hysteresis. Kahle et al.

demonstrated the preservation of the magnetic properties of Mni, molecules (Figure 27a) by
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depositing them on ultrathin insulating hBN.22> The experimental schematic is shown in Figure
27b. The substrate influences the adsorption site preference of the Mni, molecule; a random
distribution of adsorbed molecules on Cu(001) is observed at room temperature (Figure 27c) and
on Au(111) at low temperature (Figure 27d). The inert hBN interlayer is used for magnetically
decoupling the substrate, and randomly distributed Mni, molecules were observed at the BN

corrugation sites (Figure 27e).

To demonstrate that SMMs preserve their magnetic properties upon adsorption, inelastic
tunneling spectroscopy (IETS) was performed at T = 1.5 K (Figure 27f). A step-like feature
dominates the d?l/dV? spectra when the SMMs were adsorbed onto hBN. The innermost step is
observed at 1-2 meV, while the outer steps are observed up to 16 meV.??* These peaks are
attributed to the presence of spin-flip excitations across the manganese-12-acetate on hBN
interface. In contrast, on metal surfaces, such features are absent and the d?1/dV? spectra close
to the Fermi energy indicate that the ultrathin BN insulator effectively screens the underlying

metallic state and prevents the spin quenching of Mn1> molecules.??

Controllable switching of the spin Kondo effect at the single-molecule level is needed for bistable
dynamic switching in molecular magnetic devices. Recent research has focussed on the chemical
control of magnetic molecules interacting with nonmagnetic surfaces, manifested by the
presence of the Kondo resonance state.?%33%7 Tsukuhara et al. have shown that an unpaired
electron contributes significantly to the observed sharp Kondo signature.3®® Moreover, this
interesting feature can be selectively manipulated via chemical stimuli. A combined low-
temperature STM and DFT study by Tsukuhara et al. demonstrated the persistence of the spin

Kondo resonance when the iron(ll) phthalocyanine molecule on Au(111) was coordinated to a
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NO molecule.3®® The physical origin of the spin Kondo resonance effect is driven by the remnant
magnetic moments that involve the d;2 orbital of the Fe atom and the lone pair of the NO. This
method offers means for the orbital-selective manipulation of many-body quantum states

through the chemical coordination of small molecules.

Heterogeneous catalysis

Scanning tunneling microscopy is an excellent tool to study surface catalysis at a single molecule
level. Many of these studies have been traditionally performed under UHV conditions,?*” but it is
also possible to explore catalytic reactions at liquid-solid interface. In a series of studies, Elemans
et al. revealed alkene oxidation catalyzed by individual manganese porphyrin molecules, in real
time, at the interface between tetradecane and Au(111).3%® Small molecular weight alkene
substrate (stilbene) that diffused in the liquid phase to the liquid-solid interface was oxidized to
the corresponding epoxide. It was found that oxygen atoms that were incorporated in the
stilbene originated from O, molecules that were previously bound to adjacent porphyrin
catalysts. Differences in the appearance of the manganese porphyrins as a function of their
oxidation state were also revealed on graphite, where it was shown that it is possible to
discriminate different states of a reactive species with STM and to monitor complex multistep
reactions at the submolecular level.37° Furthermore, STM was not only used for imaging purposes

but played an active role in inducing such reactions in a spatially resolved fashion.3”!
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Conclusions and Prospects

During the last two decades, scanning probe microscopies have become a major research tool at
the interface of molecular and surface sciences. Direct imaging with submolecular resolution,
easily achieved with STM, provides a unigue approach to investigate molecular assemblies on
surfaces, to probe non-covalent supramolecular interactions, and to discover new chemical
reactions. Recent advances in non-contact AFM provide stunning resolution that allows direct
identification of chemical structure at a single-molecule level.}*372 While such remarkable
resolution requires highly controlled conditions (cryo-temperature, UHV) and is only available in
a few laboratories in the world, continuing instrumental development will inevitably accelerate
the adoption of these methods in broad areas of molecular science. One of the major handicaps
of SPMis its limited chemical sensitivity. It is not currently possible to determine the exact atomic
structure/composition of molecules using SPM alone, and thus on-surface characterization of
new molecules and reactions generally requires auxiliary spectroscopic studies (XPS, NEXAFS,
SIMS, infra-red and high resolution electron energy loss spectroscopy (HREELS), etc.), which can
conclusively test hypotheses made on the basis of SPM images.3’3 Also, important additional
information on the molecular structures can be obtained from scanning probe-based
measurements such as STS (molecular orbitals and vibrational signatures of the molecules via
inelastic energy tunneling spectroscopy), tip-enhanced Raman, and force-distance or current-
distance measurements.3%374376 The resulting fundamental insights from SPM studies into
complex phenomena such as biological recognition, chirality, crystallization phenomena, host-

guest interactions, and chemical reactivity, extend across many disciplines. 195347377 The ability
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to interrogate chemical systems by direct imaging with sub-nm resolution has opened new
dimensions in many fields, from biochemistry3’8 to CO, capture.3”®

On-surface molecular assembly has already become a reliable method to engineer surface
patterns with (sub)nanometer features and easily controlled symmetry, periodicity and unit cell
structure. Historically, the rational design of these ordered structures was predicated on
achieving thermodynamic equilibria. The use of kinetic stabilization of non-equilibrium phases
opens the possibility of engineering even more complex nanoscale architectures.?®° In addition,
highly ordered yet aperiodic (quasicrystalline) SAMNs have also been reported.3!%* These
molecular networks in turn can serve as templates to assemble other functional materials. We
envisage that the further progress in this direction will enable molecularly controlled epitaxial
growth of multilayer films'83-186 that display a spectrum of new optical and electronic properties.
There is also a rapidly growing interest in molecular assembly on inorganic 2D materials including
graphene, semiconducting metal dichalcogenides, and others.38%382 The resulting
heterojunctions can harness the advantages of both 2D and molecular materials, whereby the
special optoelectronic properties of the former are easily tuned by the choice of molecular
components. We also expect that layered assemblies of such hybrid organic-inorganic 2D
materials could be engineered in robust flexible devices.

At the same time, dynamic interactions between molecular building blocks, that are essential
prerequisites for self-assembly, including error correction, also limit the stability of the resulting
structures. Achieving chemically, thermally, and mechanically robust patterns via molecular self-

assembly remains a major challenge. Surface-confined covalent organic frameworks, formed via

dynamic covalent chemistry, are emerging as a plausible solution to this problem.?®3 We expect
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that the remarkable flexibility in molecular design and long-range order already realized in
SAMNSs can be attained for surface-confined COFs in the near future. One upcoming challenge
will be applying this “bottom-up” patterning to device fabrication method, i.e., developing
reliable scale-up strategies that maintain the high efficiency and design capability of molecular
self-assembly, to replace or at least to improve/enhance conventional top-down lithographic
methods.

Surface-confined polymerization has become a synthetic tool for the realization of
macromolecular architectures, unimaginable via standard, solution-based chemistry. The last ten
years have seen an explosion in reports on epitaxially ordered conjugated polymer “wires”,
graphene nanoribbons of atomically precise width and controlled topology, and atomically thin
two-dimensional conjugated polymers prepared from rationally designed molecular building
blocks. The new chemistry learned from these studies has challenged our understanding of
organic reactivity, contributing to the important knowledge base of heterogenous catalysis. For
example, the highly efficient dehalogenative and dehydrogenative C-C aromatic coupling on
Au(111),3%° and dehydrogenative alkane polymerization on stepped Au surfaces,?’® were highly
counterintuitive considering the common notion of gold being “most noble of all metals”.3%3
Most on-surface synthesis experiments have been performed on single crystal metals, which
facilitated these studies by catalyzing the needed coupling reaction and enabling STM monitoring
of the reactions. However, decoupling of GNR or 2D polymers from the surface, ideally without
mechanically detaching them,3®* is essential for almost any imagined application of these
materials in nanoelectronics. Chemical solutions to this problem are possible; for example,

selective “etching” of the top-most layers of metal below the macromolecular semiconductor
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could be elaborated to grow metal-insulator-semiconductor structures in situ.33* Alternatively,
polymerization reactions executable on non-metallic surfaces could be developed. Apart from

337 other

adopting the common metal-catalyzed C-C coupling chemistry for non-metallic surfaces,
already studied surface-confined polymerization approaches, such as polycondensation or light-
induced polymerization, could enable the growth of 2D polymer on non-catalytic (dielectric)
surfaces.

Equally significant is the challenge of establishing an effective electrical contact to such
nanomaterials, which has been a major bottleneck in the field of molecular devices.?®> Thus, while
the field-effect transistors with on-surface synthesized GNR have already been reported, the
electrical current in such nanoscale-channel devices appears to be limited by contact
tunneling,3®* and a roadmap for implementing on-surface synthesized semiconductors in
practical thin-film devices, is as yet undefined.

Overall, the field of molecular surface science is on the verge of transition; remarkable structural
control has already been achieved for a broad range of structures and systems, on planar
crystalline surfaces. Could equally fine supramolecular-level control be implemented on curved
or faceted surfaces, e.g., on nanoparticles? Could the unique functionality offered by on-surface
controlled supra- and macromolecular structures be harvested in manufacturable functional
devices? So far, the field was fueled mainly by the curiosity of chemists and physicists. It might
be time for engineering researchers to join. What are the engineering challenges that need to be
addressed? What new applications can be enabled by molecular level programming of surfaces?

The long-range order, particularly in the most interesting materials such as GNR or 2D conjugated

polymers, is currently limited to relatively small (~10-100 nm) domains. Can we grow much larger
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defect-free domains or can we use finite domain size to the advantage of some applications (such
as organic photovoltaics)? Implementation in large-scale manufacturing will favor a transition
away from UHV processing of materials, which will push the field to develop assembly strategies
amenable to ambient environments, including solution processing.

The remarkable opportunity of programming surface structure and functionality by the design of
simple molecular building blocks has captured the imagination of scientists around the world. In
the coming years, we will see this field further ripen to new applications and technologies, as well

as new nanometer-scale science and discovery.
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Glossary

AFM: atomic force microscopy

BTB: 1,3,5-tris(4-carboxyphenyl)benzene

COF: covalent organic framework

CVD: chemical vapor deposition

DBTF: dibromoterfluorene

DBBA: 10,10’-dibromo-9,9’-bianthracene

DFT: density functional theory

EC: electrochemical

F16CuPc: hexadecafluorophthalocyanine

GNR: graphene nanoribbon

H-bonding: hydrogen bonding

HOPG: highly oriented pyrolytic graphite

LC: liquid crystal

nc-AFM: non-contact atomic force microscopy

NEXAFS: near-edge X-ray absorption fine structure spectroscopy
PTCDA: perylenetetracarboxylic dianhydride

PTCDI: perylenetetracarboxydiimide

TCPP: 5,10,15,20-tetrakis(4-hydroxycarbonylphenyl)porphyrin
TCNQ: tetracyanoquinodimethane

TBTTA: terthienobenzenetricarboxylic scid

TBP: tetrakis[1,3-di(tert-butyl)phenyl]pyrene
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TPTC: p-terphenyl-3,5,3",5"-tetracarboxylic acid
SAM: self-assembled monolayer

SAMN: self-assembled molecular network
SIMS: secondary ion mass spectrometry
SMM: single molecule magnet

SPM: scanning probe microscopy

STM: scanning tunneling microscopy

STS: scanning tunneling spectroscopy
UHV: ultrahigh vacuum

vdW: van der Waals (force)

X-bonding: halogen bonding

XPS: X-ray photoelectron spectroscopy

ZGNRs: zigzag graphene nanoribbons

Supporting Information Available:

Structural diagrams of the discussed molecules. This material is available free of charge via the

Internet at http://pubs.acs.org
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Suggested pull-out quotes:

e Two-dimensional nanostructures with remarkable structural complexity, and rationally
tuned symmetry and periodicity have been created.

e The chiral outcome of self-assembly can be tuned and controlled, leading to homochiral
surfaces of opposite chirality under optimized conditions

e Understanding the roles of kinetics is therefore essential to control the outcome of self-
assembly

e Multi-component assembly .. could greatly expand the fabrication of functional
molecular nanostructures.

e Due to the inherently different structures and chemistry of the constituent moieties, it
should be possible to tune the networks’ energetics and kinetics by temperature,
intermolecular interaction strength, and other environmental stimuli.

e Tunable symmetry, periodicity, and interactions of self-assembled molecular networks
make them attractive as nanoscale templates for patterning functional materials on
surfaces.

e The game-changing reaction that has enabled much of the explosive growth of the field
of on-surface polymerization is Ullmann coupling, which links halogenated aromatic rings
with a C—C bond.

e Despite significant progress in improving the order of on-surface synthesized covalent
networks, their structural quality is limited ... Dynamic covalent chemistry offers a
possible solution to this problem.

e Scanning probe microscopy studies of molecules adsorbed on reactive surfaces have also
led to the discovery of new reactions.

e Once molecular systems adsorb on surfaces, their intrinsic electronic and optical
properties are modified by their interactions with the substrate.
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