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15 The application of supramolecular chemistry on solid surfaces represents an exciting field of research

that continues to develop in new and unexpected directions. This review highlights recent advances in

the field which range from the fundamental aspects of the thermodynamics of self-assembly through to

the development of new materials with potential application as new materials. The unique aspects of

Received 14th February 2017 working on solid surfaces are highlighted and advances in the assembly of many component systems
20 DOI: 10.1039/c¢7¢s00113d and highly complex fractal-like and quasicrystalline systems discussed. The unique features of working in
the surface-based environment and the utilisation of scanning probe microscopies as a primary

rsc.li/chem-soc-rev characterisation tool are highlighted.

25 1. Introduction

As we mark the 50th anniversary of the landmark work of
Charles Pedersen,' widely regarded as the birth of supramole-
cular chemistry, the ‘chemistry beyond the covalent bond’
30 continues to flourish at an astonishing rate. It has broken
barriers of scientific creativity in a diverse array of disciplines
including chemistry, biology, physics and material science and
has matured as an independent field over the past couple of
decades. Besides the innumerable advances in science and
35 technology brought about by supramolecular chemistry, one
of the most important and enduring implications of the early
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work of Pedersen, Cram and Lehn is the widespread apprecia-
tion of the importance of the non-covalent bond. The intimate
relationship between the non-covalent forces that hold mole-
cules together in a material and its bulk properties is exten-
sively acknowledged. Given their ever-emergent nature, the
concepts in supramolecular chemistry are rapidly being
employed in different fields including pharmaceutical sciences,
separation technology, catalysis, chemical and biological sen-
sors, and molecular electronics to name a few.”
Supramolecular chemistry has been explored in a diverse
range of environments. While a large body of work has been
reported for systems studied in the solution phase,” supramo-
lecular chemistry in the solid-state has also evolved signifi-
cantly over the years and concerns crystal engineering of
solids.> Assembling molecules at solid interfaces offers a
unique environment for studying supramolecular chemistry.
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Surface self-assembly can proceed either via physisorption or
chemisorption of molecules. Here we focus on physisorbed self-
assembled monolayers where the molecules are adsorbed along
a plane parallel to the solid surface. Also known as ‘two-
dimensional supramolecular chemistry’, this area of research
provides a wealth of information on self-assembled network
formation where organic monolayers are typically analysed by
an arsenal of advanced surface science techniques. Although
working in two dimensions, rather than three, limits the
number of possible arrangements, the presence of a solid
surface, and thus the additional interfacial interactions, often
add to the complexity of the assembly process. This is because,
in addition to the molecule-molecule and molecule-solvent
interactions, one has to factor in the molecule-substrate and
solvent-substrate interactions as well. While this apparent
increase in the level of complexity may at first sight appear as
a disadvantage, a clear grasp of the interplay between these
interactions can prove valuable for the fabrication of complex
interfacial architectures with novel properties and function.*
Given that the principles of supramolecular chemistry are at
the heart of most bottom-up strategies towards nanomaterials,
significant research efforts have been directed towards eluci-
dating the principles underlying molecular self-assembly at
interfaces. Although a major focus remains on nanomaterials
with solid cores,” arguably the most precise way to study
supramolecular chemistry is carrying out molecular self-
assembly on ultra-flat solid surfaces.®® Similar to that in the
solution phase and the solid state, the basis of self-assembly on
solid surfaces is molecular recognition. This is a phenomenon
where molecules recognize other molecules or ions and associ-
ate with them via non-covalent interactions, such as hydrogen
and halogen bonds, van der Waals forces, ion-dipole, dipole-
dipole and n-r stacking interactions. This ‘handshake’ between
assembling units is often weaker than the covalent bond but
still allows formation of supramolecular nanostructures due to
the collective strength of numerous such ‘handshakes’.
Supramolecular chemistry at solid surfaces has rapidly
gained popularity in the past few decades. This rapid expan-
sion, to some extent, is a result of the advancement of scanning
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probe microscopy (SPM). Scanning probe techniques such as
atomic force microscopy (AFM), and scanning tunneling micro-
scopy (STM) allow direct visualization of molecular structures
adsorbed on solid surfaces. Both STM as well as AFM use sharp
probes that raster scan the surface using a piezoelectric device
for precise positioning of the probe with respect to the surface.
The typical distance between the solid surface and the probe is
only a few angstroms and thus atomically flat substrates are
preferred. The signal, tunneling current in case of an STM
measurement, and force, in case of an AFM, gets modified by
nanoscale surface features underneath the tip. While STM
imaging works only on conductive surfaces, it is not a necessary
condition for substrates used for AFM measurements. Under
appropriate experimental conditions, STM and now advanced
modes of AFMs, such as non-contact AFM (vide infra) provide
sub-molecular resolution of the surface-adsorbed species.

Besides STM and AFM, other surface science techniques also
provide insight into nanostructured thin films on solid surfaces.
Low-energy electron diffraction (LEED),” grazing-incidence
small-angle scattering (GISAS),'® and related in-plane X-ray and
neutron diffraction techniques'' offer structural and mecha-
nistic insights into the formation of thin films. These ensemble
measurements however, often provide space-averaged informa-
tion collected over relatively large areas. Such averaging leads to
loss of information on local aberrations. Both STM as well as
AFM on the other hand, probe surfaces locally and provide
insight into crystalline as well as amorphous structures. The
two techniques are extremely versatile and can be used in range
of environments such as ultra-high vacuum (UHV), air, water,
aqueous electrolytes, organic solvents and gases. The ability to
work in a liquid environment means that dynamic processes can
also be followed, albeit on relatively slow time scales. Further-
more, they can be operated in temperatures ranging from ~4 K
up to a few hundred Kelvin. Last but not the least, in contrast to
the aforementioned techniques, SPM data often provides a direct
visual cue to the self-assembled nanostructure and thus has the
added advantage of immediate aesthetic appeal.

In this review, we survey recent progress made in the
research on surface-supported self-assembled networks. While
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this review is not comprehensive, we certainly aim to maintain
the balance between the width and the depth. The different
topics discussed are tied together by the broad theme of
interfacial (supramolecular) chemistry. These examples are
highlighted since they are related to supramolecular chemistry
in liquids, because of the similarities or striking differences.
We believe that the discussion touches upon issues that are pre-
requisites for improved understanding of interfacial chemistry
on solid surfaces. The review is structured as follows. The first
part contains discussion on the fundamental aspects of inter-
facial supramolecular chemistry together with a highlight on
unusual surface-adsorbed networks based on quasicrystals and
Sierpinski triangles. Thermodynamic and kinetic factors con-
trolling the assembly process are discussed. In the second part,
different ways of controlling self-assembly are described. The
third part surveys reactions at solid interfaces. The emerging
fields of 2D covalent organic frameworks (2D-COFs) and
chemical functionalization of graphene are discussed. The
fourth and the penultimate part highlights recent progress,
both on the technical as well as conceptual front, whereas the
final section of this review provides some perspectives on
future challenges.

2. Fundamental aspects

Typical supramolecular bonding motifs encountered in solution-
phase self-assembly are also commonly found in self-assembled
monolayers on surfaces. Translating the information obtained
from solution phase to that on surfaces however, is not often
straightforward. One has to often apply ‘corrections’ to the
design of self-assembling systems on surfaces and take into
consideration the molecule-substrate interactions which are
completely absent in solution. These interactions often compete
with intermolecular interactions thus altering the outcome of
the assembly process. Moreover, molecule-substrate interac-
tions can differ drastically between different substrates.

In a typical experiment, molecules are deposited on to a
solid surface either via sublimation or from a solution. The
spontaneous assembly proceeds almost instantaneously
through a variety of intermolecular and interfacial interactions.
As discussed in detail later, this phenomenon is governed by a
competition between kinetic and thermodynamic factors. The
balance between these factors is drastically different when self-
assembled network formation under UHV conditions is con-
sidered against that under ambient conditions, especially at the
solution-solid interface. Adsorption at the solution-solid inter-
face is often complicated by additional intermolecular and
interfacial interactions due to the presence of the solvent which
often allows free exchange between molecules already adsorbed
onto the surface and those present in the supernatant solution.
The absence of solvent and thus the resultant lack of dynamic
exchange reduces the relative complexity of self-assembly at the
UHV-solid interface.

Whether molecular self-assembly leads to a Kkinetically
trapped or thermodynamically stable equilibrium structure is

This journal is © The Royal Society of Chemistry 2017
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governed by how rapidly the molecules adsorb and how fast
they move on the surface. If the rate of adsorption is faster than
the rate of surface diffusion, then molecules are not able to
reach the equilibrium structure and are trapped in a diffusion-
limited state. On the other hand, if the adsorption rate is slower
or comparable to that of surface diffusion, then such a process
leads to a thermodynamically favoured equilibrium structure. It
was generally assumed that equilibrium processes lead to
ordered structures whereas kinetic trapping leads to disorder.
However, this view is rapidly changing in light of recent
experimental evidence, as discussed in detail later.

2.1 Ordered yet aperiodic: quasicrystallinity in 2D self-
assembly

Although ordered, periodic structures are often desired, there is
increasing interest in creating alternative structures which may
possess novel properties. The experimental observation of
quasiperiodic crystals in 1982 led to a paradigm shift in the
way symmetry in crystals is considered."” A quasicrystalline
material consists of an ordered arrangement of atoms or
molecules but in an aperiodic fashion. Originally discovered
in case of an aluminium-manganese alloy, quasicrystallinity is
now confirmed to be present in a number of systems including
polymers, liquid crystals, micelles and metallic and silica
nanoparticles. While observation of quasicrystalline lattices in
self-assembled monolayers is still rare, a few examples have
already been reported which illustrate the exotic possibilities
available via supramolecular interactions.

A unique example of a quasicrystalline lattice is provided by
self-assembly of ferrocenecarboxylic acid (FcCOOH, Fig. 1a) on
Au(111). Upon deposition on the gold surface, FcCOOH self-
assembles into cyclic pentamers (Fig. 1b and c). Such a cyclic
arrangement is rather unusual given that (mono)carboxylic
acids are typically known to form linear assemblies based on
hydrogen-bonded dimers. DFT calculations revealed that the
pentameric motifs are hydrogen-bonded cyclic catemers
(Fig. 1c). Although the arrangement into cyclic catemers is
energetically inferior to dimers due to unfavourable bonds
angles and entropic reasons, it is possibly stabilized by favour-
able interactions between the carbonyl group of the carboxyl
group on one molecule with the hydrogen atom on the second
position of cyclopentadienyl ring of another (Fig. 1d).
Hydrogen-bonded dimers are also formed simultaneously how-
ever they are dispersed in between the cyclic pentamers. A
combination of these dimeric and pentameric motifs imparts
quasicrystallinity to the self-assembled network where the
domains exhibit local five-fold symmetry and maintain transla-
tional and rotational order over short distances. The monolayer
however lacks long-range order. The pentagons and their
interstitial spaces match the shapes in a so-called Penrose
‘P’ tiling (pentagon, rhombus, boat and star, Fig. 1e and f).
Fourier transform of STM images revealed local five-fold and
ten-fold symmetry of the FcCOOH monolayer.'

Quasicrystallinity has also been discovered recently in the
case of metal-organic co-ordination networks formed on
Au(111) surface.™ In contrast to the previous example, where

Chem. Soc. Rev,, 2017, 00,1-23 | 3
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(a) Molecular structure of ferrocenecarboxylic acid. (b) High-resolution (11 nm x 10 nm) STM image FcCOOH on Au(111) surface. (c) Minimum

energy structure of the cyclic catemer of FcCOOH obtained from DFT calculations. The dotted lines represent the hydrogen bonds. The cyclic catemer is
preferentially formed due to additional stabilization provided by weak C—H---O=—C bonding between adjacent molecules of FCCOOH. (d) STM image
showing the model structure overlaid on top. The central pentamer is surrounded by five FCCOOH dimers. (e) Large scale (40.5 nm x 36 nm) STM image
overlaid with pentagons showing long-range quasicrystalline order in the FcCOOH monolayer. (f) Penrose P1 tiling. Groups of pentagons highlighted in
white in panel (e) show some structural motifs common to both the experimental data and the Penrose P1 tiling; the interstitial spaces between
pentamers in panel (e) also match the star, boat and rhombus of the P1 tiling. Reproduced from ref. 13, with permission from the Nature Publishing Group.

the network was sustained by hydrogen bonds, here the domi-
nant supramolecular interaction is metal-ligand binding. Co-
ordination of a para-quaterphenyl-dicarbonitrile molecule (qdc,
Fig. 2a) with europium ions on Au(111) surface leads to
formation of various co-ordination motifs depending on the
stoichiometric ratio between Eu and the organic linker. At a
stoichiometric ratio of around 2:5 (Eu:qdc), an open porous
network is formed wherein the Eu centres are co-ordinated by
four, five or six molecules of qdc. The arrangement of Eu
centers and qdc molecules within this reticulated network
appears as a surface tiling pattern made up of randomly
distributed squares and triangles. This network closely resem-
bles a dodecagonal quasicrystal that consists of dodecagonal
units separated by randomly distributed square and triangular
tiles (Fig. 2b and c). The spontaneous formation and co-
existence of surface-confined co-ordination motifs containing
four-, five- and six-fold planar coordination nodes (Fig. 2d-g) is
a characteristic feature of this system. Such flexibility arises due
to the peculiar metal-organic bonds formed by lanthanides
which are predominantly ionic in nature. A second important
factor is the nature of the surface. The interactions of the qdc
molecules with the gold surface are relatively weak which
imparts additional flexibility to the CN end group during the
co-ordination process. Quasiperiodic pattern was not observed
when the same system was studied on Ag(111) which is rela-
tively strongly interacting surface thus highlighting the impor-
tance of weaker molecule-substrate interactions.™*

The quest for obtaining exotic geometric patterns using
supramolecular chemistry is not limited to quasicrystals.

4 | Chem. Soc. Rev, 2017, 00, 1-23

Fractal geometry is another type of pattern that is highly sought
after. Fractals exhibit a repeating pattern at every scale. The
Sierpinski triangle, named after the Polish mathematician
Waclaw Sierpinski, is a prototypical fractal pattern that exhibits
a self-similar geometry at any length scale. The pattern takes
the shape of an equilateral triangle which is recursively sub-
divided into smaller equilateral triangles (Fig. 3b). Fabricating
such repetitive patterns has proven to be notoriously difficult
and synthetic fractal patterns often show defects.

Fabrication of planar molecular Sierpinski triangles has
been reported recently using the tenets of supramolecular
chemistry and tools of surface science. 4,4'"’-Dibromo-
1,1':3',1":4" 1"""-quaterphenyl (B4PB, Fig. 3a) - a molecule
featuring a 120° bend in its backbone, was employed as the
building block since computational studies have predicted that
the shape of the letter ‘V’ is consistent with possible self-
assembling Sierpinski triangles. Vapor phase deposition of
B4PB followed by fast cooling to 4.4 K lead to spontaneous
self-assembly of defect-free Sierpinski triangles on Ag(111) sur-
face under UHV conditions. High-resolution STM images reveal
that the silver surface is exclusively covered with equilateral
triangular features closely resembling the fractal pattern. Sier-
pinski triangles up to fourth order (n = 4) were observed on the
surface (Fig. 3b and c), although theoretically the pattern can be
infinite. Each node in the assembled network consists of three
B4BP molecules closely arranged together in such a way that
their Br termini form a cyclic pattern. The self-assembled
network is thus stabilized by weak halogen-halogen interac-
tions and also by weak hydrogen bonding between the Br atom

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 (a) Molecular structure of the para-quaterphenyl-dicarbonitrile (qdc) molecule. This ligand is capable of coordination at two separate CN sites. (b)
Large-scale STM image of the quasicrystalline metal organic co-ordination network formed on Au(111) surface by depositing Eu and gdc species at ~2:5
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40
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stoichiometric ratio. Scale bar = 10 nm. The inset shows the 12-fold symmetric 2D-FFT. Scale bar, 0.84 nm

~1. (c) The dodecagonal motifs with a 30°

rotational symmetry: different colours of squares and triangles symbolize distinct orientations with respect to the underlying surface. (d—f) Different
metal-organic bonding motifs observed in the quasicrystalline network. The molecular models for the six-fold (3.3.3.3.3.3), five-fold (3.3.4.3.4 or
3.3.3.4.4) and four-fold (4.4.4.4) coordination are provided underneath the digital zooms of STM images. Reproduced from ref. 14 with permission from

the Nature Publishing Group.

of one B4PB molecule with the o-H atom of the adjacent B4PB
molecule (Fig. 3f). The cyclic arrangement of Br atoms relative
to each other is either clockwise (CW) or counterclockwise
(CCW) and thus leads to expression of organizational chirality
within the fractal assembly. The CW and CCW triangles are
oriented 8° with respect to each other and 4° with respect to a
reference axis of the Ag(111) lattice (Fig. 3d and e)."

The remarkably ordered fractal pattern of B4APB wherein the
largest triangle consists of nearly 300 molecules, is a result of a
combination of factors including molecular design, choice of
the substrate, precise experimental conditions in terms of
temperature control and weak yet directional supramolecular
interactions. These factors collectively allow correction errors
during the assembly process and reduce the number of defects.
Each node in the triangle is precisely defined due to three fold

This journal is © The Royal Society of Chemistry 2017

supramolecular binding motif which is also in perfect registry
with the underlying lattice of silver. The asymmetric design of
the building block ensures minimal defect density. In case a
molecule is incorporated into the assembly with its ‘wrong’
end, the opposite end of the molecule is incapable of forming a
stable node. Such defects are eventually removed during the
annealing process.

While weak non-covalent interactions were key to the suc-
cessful formation of Sierpinski triangles in the previous exam-
ple, it appears that it is not a prerequisite as evident from self-
assembly of 1,3,5-tris(4-mercaptophenyl)benzene (TMB, Fig. 4a)
on Au(111) surface.'® TMB is a three-fold symmetric, thiol
functionalized aromatic molecule which forms disordered net-
work after deposition at room temperature. Stepwise annealing
of the surface at 200, 250 and 300 °C caused successive

Chem. Soc. Rev,, 2017, 00,1-23 | 5
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Fig. 3

(a) Molecular structure of B4PB. (b) Simple models of Sierpinski triangles. (c) STM images of self-assembled Sierpinski triangles corresponding to

the models provided above. The numbers provided in the upper right corner of each STM image indicate the number of B4PB molecules involved in the
assembly. (d and e) STM images showing enantiomorphous Sierpinski triangles. Scale bar = 2 nm. (f) Molecular models corresponding to STM images
provided in panels (d) and (e). Reproduced from ref. 15 with permission from the Nature Publishing Group.

a)

Q)

HS I I SH

Fig. 4

(a) Molecular structure of TMB. (b) Large-scale STM image showing the formation triangular aggregates upon heating the heating Au(111) surface

at 250 °C. (c) A second generation (n = 2) Sierpinski triangle. The upper part of the STM image is overlaid with a DFT optimized structure of the covalent
first-generation Sierpinski triangle. The lower part shows an overlaid DFT model of a dimer featuring a C-S—C link. Parts (b) and (c) reproduced from

ref. 16 with permission from the American Chemical Society.

structural transitions. Gold surface annealed at 200 °C shows
formation of ordered molecular chains. A second structural
transition occurs at annealing temperature of 250 °C leading to
formation of triangular aggregates of various sizes. The trian-
gular aggregates are made up of trimers of molecules and they
further organize into larger self-similar triangles. Sierpinski
triangles containing up to 27 molecules (n = 2) of TMB were
observed. XPS measurements confirmed that the molecular
chains observed after annealing at 200 °C are stabilized by
Au-thiolate interactions. The structural transition from chains
to Sierpinski triangles however is proposed to have been

6 | Chem. Soc. Rev, 2017, 00, 1-23

accompanied by a chemical transformation where the S-Au-S
co-ordinate linkages are converted to covalent C-S-C bonds."®

The structural design of the two examples of Sierpinski
triangles discussed above is fundamentally different. In the
triangles based on B4PB molecules, three-fold halogen-halogen
and hydrogen bonding interactions gave rise to a triangular
topology and the two-fold connection between the triangular
nodes is provided by the ‘V’-shaped molecular backbone. In
case of TMB however, the three-fold topology is programmed in
the molecular structure whereas the ‘vV’-shaped (~120°) con-
nectivity is provided by the C-S-C covalent bonds. The

This journal is © The Royal Society of Chemistry 2017
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formation of fractal self-assembled patterns requires a powerful
combination of molecular design, a mechanism for healing of
defects and careful balance of thermodynamic and kinetic
factors. Besides the two examples described above, surface-
based fractal self-assembly stabilized by hydrogen-bonding,'”
metal-organic'®'® and covalent bonding® interactions has also
been reported. It is notable that in all the examples described
above, the Sierpinski triangles were formed under UHV condi-
tions at low-temperatures. The fabrication of fractal self-
assembled networks under ambient conditions at the
solution-solid interface still remains elusive.

2.2 Kinetics or thermodynamics?

Similar to crystallization of bulk materials, self-assembly on
surfaces typically starts with nucleation events that take place at
several sites on the surface. Nucleation, which is by default a
non-equilibrium process, is followed by growth of nuclei lead-
ing to formation of supramolecular domains. The growth
process continues till all the available surface area is covered
and the domains touch each other producing domain (grain)
boundaries. Given the finite surface area, now the domains can

a)

b) 1:23

02 0.2
Em Ew
£ E
% 01 E‘f’ o1
Zoos Euu
g o 2 o0
& + 2 10 20 0 & 5
-0.05 Displacement (nm) -0.05

Fig. 5

CoOEP:NiOEP

Displacement {nm)

(a) Molecular structure of metal containing octaethylporphyrin (M =

Review Article

only grow at the expense of other domains. But do all these
processes occur under thermodynamic equilibrium?

Since the surface patterns formed by a number of organic
and metal-organic systems are well-ordered and often defect-
free, it was assumed that the self-assembly process occurs at or
close to equilibrium conditions. The basic premise behind this
assumption was that kinetic assembly would lead to structures
with defects and/or disordered patterns and thus crystallinity of
the network is an indication that the thermodynamic steady
state is reached and that there is a constant exchange between
molecules in solution and those on the surface. As mentioned
earlier, this view is rapidly changing and it is now widely
acknowledged that the self-assembly process at solid surfaces
is governed by a competition between kinetic and thermody-
namic factors. Their relative contribution depends on the
specific experimental conditions used.>'

The presence of strong kinetic barriers in systems self-
assembling on surfaces at room-temperature, at the solution—-
solid interface, was recently confirmed. Deposition of 1-
phenyloctane containing a mixture of cobalt- and nickel
octaethylporphyrin (CoOEP and NiOEP, Fig. 5a) leads to for-
mation of a mixed monolayer. The two molecules, despite being

1:3.7 1:73

i

Apparent heigh!
- B

10 15 0

b

5 15 20
Displacement (nm)

&

Co, Ni). (b) STM images of the monolayers formed by varying the relative

solution composition of the two porphyrins. The profiles along the white lines shown in the STM image show that the two porphyrin derivatives can be
distinguished from their apparent heights. CoOEP appears relatively brighter compared to NiOEP. (c) A schematic illustrating the fast adsorption and
extremely slow desorption dynamics in this bi-component system. Reproduced from ref. 22 with permission from the American Chemical Society.

This journal is © The Royal Society of Chemistry 2017
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structurally similar, can be distinguished in the monolayer due
to the peculiar contrast of their metal centers. COOEP appears
brighter in STM images compared to NiOEP (Fig. 5b). STM
images obtained by varying the relative solution concentration
of the two components (Fig. 5b) revealed that the surface
composition i.e. the ratio of the two compounds on the surface,
closely reflects the solution composition. The fact that the
surface coverage of each component exactly matches its
solution mole fraction points to an ideal equilibrium between
surface adsorbed molecules and those present in solution. This
interpretation, which alludes to identical free energies for the
two components in solution as well as surface-adsorbed state,
however was found to be inaccurate.>”

Sequential STM images obtained on the same area revealed
that the porphyrin molecules do not desorb once the monolayer
is formed at room temperature. Only very little adsorption—
desorption dynamics was observed at elevated temperatures
indicating that the adsorption of these porphyrin molecules is
entirely controlled by kinetics below 100 °C. These results
contradict the conventional wisdom that the self-assembly
process at the solution-solid interface is accompanied by
adsorption-desorption dynamics that favor formation of crys-
talline monolayers. Although less strongly bound than
covalently-bound thiols, the physisorption of porphyrins on
gold is extremely strong with CoOEP showing a desorption rate
of only 6.7 x 107> s~ ' at 135 °C at the 1-phenyloctane/Au(111)
interface.>” This example is the extreme form of kinetic control
where no desorption occurs and the system remains kinetically
trapped over a wide temperature window. The two-component
porphyrin system shows similar behavior when assembled on
the surface of graphite however desorption occurs faster on the
graphite surface compared to that on gold.>

The presence of kinetic blockades was also illustrated in a
monocomponent system where a single molecule forms two
different structural polymorphs but their interconversion is
prevented due to kinetic barriers. Dodecyloxy substituted
1,3,5-tristyrylbenzene self-assembles into two different type of
structures. A high-density and a low-density porous structure is
formed at the 1-phenyloctane/HOPG interface. STM images
recorded immediately after application of a droplet of TSB
solution onto the HOPG substrate held at 21 °C revealed only
disordered aggregates. This system when allowed to equilibrate
for 1 h at 60 °C lead to exclusive formation of large domains of
the densely packed network. When a droplet containing the
same solution of TSB was applied onto HOPG held at 60 °C and
equilibrated for 1 h, exclusive formation of large domains of the
porous molecular network was observed. These experiments
demonstrate that, for a given final temperature and concen-
tration, the characteristics of the adsorbed monolayer strongly
depend on its growth history, that is, on the detailed sequence
of temperatures applied during and after the solution droplet
deposition. These results also indicate that the nucleation and
growth rates for the two polymorphs are different and even at
relatively high temperatures, a kinetic blockade prevents the
transition of the thermodynamically less stable porous struc-
ture to the more stable high-density linear structure.**

8 | Chem. Soc. Rev.,, 2017, 00, 1-23
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These recent examples clearly demonstrate that kinetic
factors strongly influence the self-assembly at the solution-
solid interface. It must be noted however that the adsorption-
desorption rates also critically depend on the type of assem-
bling molecules, nature of substrate as well as that of solvent
and hence the relative contribution of thermodynamic and
kinetic factors is expected to vary from system to system. While
kinetic blockades may reduce the predictive power over surface
self-assembly, it is an aspect that can also be taken advantage of
in forming specific phases.

2.3 Quantitative thermodynamics from microscopy

The principles of molecular design for self-assembled mono-
layers often rely on thermodynamic, specifically enthalpic con-
siderations and thus the design strategies work best in
conditions where kinetic blockades are either insignificant or
completely absent. Given that such conditions are met, it
becomes possible to describe the formation of the surface-
confined patterns not only in a qualitative but also in a
quantitative way. Similarly to kinetic parameters, the quantita-
tive estimation of thermodynamic functions that affect self-
assembly on surfaces is only emerging in the last few years.>!

An in-depth understanding of the subtle balance between
different enthalpic and entropic contributions is a key towards
a complete quantitative thermodynamic description of mole-
cular self-assembly at the solution-solid interface. Convention-
ally, calorimetry was used to measure adsorption enthalpies of
organic molecules adsorbed on graphitic surfaces. In adsorp-
tion calorimetry, the heat evolved or absorbed over the course
of a chemical process is quantified by measuring the tempera-
ture changes in the substrate itself and/or the surroundings.
The heat change upon formation of a monolayer is typically
small and hence the results are amplified by using large
surface-area substrates, such as graphon (graphitized carbon
black). Recently, flow microcalorimetry was employed for quan-
tifying adsorption enthalpies of physisorbed self-assembled
monolayers formed by different alkylated compounds at the
solution-solid interface. It must be noted that the adsorption
enthalpies obtained using flow calorimetry include cumulative
contributions from solvent-solvent, solvent-substrate, mole-
cule-solvent, molecule-molecule and molecule-substrate
interactions.*

In order to gain insight into the individual enthalpy con-
tributions from the different intermolecular and interfacial
interactions described above, an adapted version of a Born-
Haber cycle for monolayer self-assembly at the solution-solid
interface was developed recently (Fig. 6b).

Self-assembly at the solution-solid interface is driven by the
difference in free energy between the molecules adsorbed in the
monolayer and their initial state where they are dissolved in
solution. In the adapted Born-Haber cycle, the total enthalpy
difference between the initial and final states is divided into
four enthalpy contributions that are independently accessible
via experimental as well as theoretical methods (Fig. 6a). These
individual contributions originate from transformations
between well-defined reference states. These reference states

This journal is © The Royal Society of Chemistry 2017
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(a) Schematic showing the discrete states identified for the calculation of enthalpy values for Born—Haber cycle. (b) Born—Haber cycle for

monolayer self-assembly at the solution—solid interface. It shows that the overall enthalpy difference in going from solution to a solvated monolayer on a
solid surface (red arrow) can be accessed via independent enthalpy values corresponding to the different transitions depicted by the blue arrows. (c)
Comparison of enthalpy values obtained via the experimental Born—Haber cycle with those obtained theoretically. Reproduced from ref. 26 with

permission from the American Chemical Society.

being the molecules in the bulk crystal, isolated single mole-
cules in vacuum, solvated single molecules and the unsolvated
monolayer. Since the solid surface is initially covered by solvent
molecules, which are always in excess, one must also consider the
heat change upon removal of solvent molecules and subsequent
wetting of the monolayer by the solvent. This heat change is
accounted for by introducing the dewetting enthalpy term AHgeyer-
The transitions between the aforementioned states are quantified by
the sublimation enthalpy (AHcystai-vacuum), €nthalpy of desorption
from the unsolvated monolayer into vacuum (AHyonolayer-vacuum), the
enthalpy of dissolution (AHcysta1-sol), and the dewetting enthalpy
and the estimation of these quantities allows one to conclude on
the overall enthalpy difference in going from the solution phase
to the solvated monolayer.

AI_Isol — monolayer sol — crystal + AI'Icrystal —vacuum

+ AI_Ivacuumamonolayer + AI_Iclewet

AHSOlH monolayer — _AHcrystala sol T AI_Icrystalavacuum

- AI_Imotmlayer~>vacuum + AI_Idewet

The experimental approach for the estimation of the differ-
ent enthalpies involves a variety of different techniques. Tem-
perature dependent UV-vis absorption measurements
performed on a saturated solution of molecule of interest yield
the enthalpy of dissolution (AHcysta1-so1)- Sublimation enthalpy
(AHcrystalvacuum) 1s estimated from temperature-dependent
measurement of effusion rate of the molecule of interest using

This journal is © The Royal Society of Chemistry 2017

a quartz crystal microbalance. The binding enthalpy of
the molecules in the monolayer with respect to vacuum
(AHmonolayer—vacuum) i obtained from temperature-programmed
desorption measurements. Estimation of the dewetting enthalpy
term (AHgewer) is not straightforward due to uncertainties in the
estimation of the enthalpy term related to the wetting of the
monolayer by the solvent molecules. Furthermore, contribution
of the initial dewetting term is expected to depend on whether or
not the solvent molecules form an ordered monolayer on the
solid surface. A combination of these independently obtained
enthalpies yields the overall enthalpy difference (AHgo-monolayer)-
The above-mentioned enthalpy terms can also be estimated
using a theoretical approach where molecular mechanics and
molecular-dynamics calculations are employed. This Born-
Haber cycle scheme was first tested for terephthalic acid self-
assembly at the nonanoic acid/graphite interface. Comparison of
the enthalpy values obtained from the experimental Born-Haber
cycle with that obtained theoretically revealed remarkable agree-
ment between the two approaches (Fig. 6c¢).

The overall enthalpy value obtained using the experimental
Born-Haber cycle can be compared with entropy value esti-
mated using a statistical mechanics based approach.?” For self-
assembly to occur spontaneously, the enthalpic gain must
compensate for the entropic cost. The entropic cost becomes
higher at lower concentrations. At the concentration threshold
of self-assembly, AG should equal 0 and thus AH = TAS. The
concentration threshold for self-assembly can be estimated in
relatively straightforward fashion experimentally and using the
enthalpy obtained from the Born-Haber cycle, the entropy cost
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at concentration threshold can be quantified. Such comparison
revealed that the entropic cost of self-assembly is considerably
larger than the enthalpic gain rendering molecular self-
assembly on a solid surface thermodynamically unfavorable.
However, when the entropic contribution from solvation and
dewetting are also considered, the total entropic cost decreases
significantly making the self-assembly on surface thermodyna-
mically feasible.”®

Matsuda et al. developed a cooperative self-assembly model on
the basis of the Langmuir adsorption model incorporating two
different equilibrium constants, the nucleation constant K;, and the
elongation constant K..>® This model successfully reproduced the
experimentally observed abrupt change of surface coverage over
concentration in a supernatant solution. They carried out STM
experiments of a diarylethene derivative at the interface between 1-
octanoic acid and highly oriented pyrolytic graphite (HOPG). Below
a critical concentration, no self-assembled patterns were observed,
and above that concentration full surface coverage. In a small
concentration window, partial coverage of the surface was observed.
Another interesting observation was that more but smaller
domains were observed at higher concentrations. A linear relation-
ship was found between the sample concentration and the reci-
procal of the average domain size, indicating that the rate of
nucleation is proportional to the sample concentration and hence,
a large number of domains are generated at a high concentration.
The concentration dependence of the fractional coverage suggests a
cooperative aggregation on the surface.

In order to gain insight into the enthalpic and entropic
contributions of the monolayer self-assembly process, tempera-
ture dependent experiments are essential. For instance, Hipps
et al.*® have reported STM characterization of oxygen binding
by the metal centre cobalt(ir)octaethylporphyrin physisorbed at
the interface between 1-phenyloctane and graphite, and noted
that the degree of complexation decreased upon increasing
temperature. Binding of oxygen to the porphyrin was a surprise
as in solution no oxygen binding occurred. Graphite played a
crucial role in facilitating oxygen binding to the metallopor-
phyrin and temperature dependent STM experiments allows
determination of the enthalpic and entropic contributions to
the binding process.

3. Controlling self-assembly pathways

Surface self-assembly offers a promising opportunity to tailor
complex nanoscale architectures. In particular, due to the
ability of scanning probe microscopies to identify complex
systems at the molecular level, surface supramolecular chem-
istry allows detailed characterisation of many component self-
assembled arrays. This level of characterisation offers distinct
advantages over other approaches traditionally employed in
solution or solid-state supramolecular chemistry.

3.1 Multicomponent self-assembly: 2D co-crystallisation

Designing a self-assembled molecular architecture becomes
increasingly complex as the number of building blocks used

10 | Chem. Soc. Rev, 2017, 00, 1-23
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in the system rises. Even single component systems may
organise into several different arrangements on the surface
environment. For example, trimesic acid (TMA) can organise
into two distinct domains, or 2D polymorphs, depending on the
hydrogen bonding scheme employed between the TMA
molecules.’® With such difficulty of control over single compo-
nent surface networks, three and four component supramole-
cular systems are consequently rare in the literature.>'* Host-
guest interactions are the most common approach to the
fabrication of multicomponent 2D co-crystals, using size and
shape discrimination to arrange the guest molecular species in
various pores of an underlying host network.*' ™

Xue and Zimmt were able to avoid the use of host-guest
interactions to design a remarkably selective assembly based
upon shape complementarity of alkadiyne chains attached to
central anthracene units.*® The monolayer arising from these
substituted anthracene units consists of alternating aryl and
aliphatic bars, forming a highly ordered, striped pattern on an
HOPG substrate. The aliphatic side chains of the anthracenes
segregate their neighbours through two mechanisms: by side
chain length and by position of the diyne ‘kink’ (Fig. 7a).
Interdigitation of side chains with complementary kink loca-
tions stabilises the structure by optimising van der Waals
contacts across a unit cell of 6 diyne-anthracenes and formed
the rationale for molecular recognition. Monolayer physisorp-
tion on a HOPG surface (Fig. 7b) was found to be especially
robust, surviving solvent washing and drying and spanned an
area of 10 000 nm®.

Two different four-component supramolecular networks
have been reported by de Feyter et al. that make use of a guest
coronene (COR)-isophthalic acid (ISA) heteromolecular
cluster.>>?® A peripheral shell of six ISA molecules assemble
around the central COR as a cyclic hexamer,?” the ISA mole-
cules held together by hydrogen bonds to produce a discrete
ISA-COR cluster. In one instance,*” the COR-ISA cluster was
encapsulated in the hexagonal pore of a Kagomé network
formed by interdigitation of the aliphatic arms of a fused
dehydrobenzo[12]annulene (DBA) derivative. The fourth mole-
cular species of the 2D co-crystal, triphenylene (TRI) occupied
the smaller triangular pores of the Kagomé network.

In the other instance,*® a ‘core-shell’ approach was used to
achieve a four component array (Fig. 8), which employs a
central molecular template (the core) to organise successive
outer concentric molecular layers (the shells). The assembly’s
third shell was fabricated from a DBA derivative engineered to
encapsulate the COR-ISA cluster, whilst itself not forming an
extended honeycomb network. As such, a DBA derivative (DBA-
40C10) furnished with only four decyloxy chains instead of the
usual 6, provided the necessary precision to form efficient van
der Waals contacts with the inner ISA shell, without the
remainder two decyloxy chains free to interdigitate and con-
solidate into a larger network. A honeycomb network of DBA
bearing six OC,¢Hs3; arms (DBA-60C26) served as the outermost
shell, affording cavities large enough to host the heteromole-
cular DBA-40C10-ISA-COR bundle. In isolation, DBA-60C26
cannot form a porous surface network: the large resultant pores

This journal is © The Royal Society of Chemistry 2017
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(@) Schematic representation of the unit cell chemical structure the relative positioning of the alkadiyne chains exploiting the shape

complementarity of the substituted anthracene molecules. (b) Schematic representation of the self-incommensurate nature of the alkadiyne side
chains of S2 molecules. Red ovals indicate regions lacking chain—chain van der Waals contact. (c) STM image of the monolayer assembled from a
phenyloctane solution of diyne-functionalised molecules showing the relative arrangement of different species S1, D1, D2 and S2 as shown in (a). Red
arrows mark diyne columns. Reproduced with permission from the American Chemical Society from ref. 34.

are energetically too costly to stabilise. The presence of the
DBA-40C10-ISA-COR supramolecular cluster was therefore
essential to template the formation of the outermost shell.

A ternary self-assembled monolayer of copper phthalocya-
nine (CuPc), 2,3,7,8,12,13-hexyloxy-truxenone (TrO23) and
1,3,5-tris(10-carboxydecyloxy)benzene (TCDB) that could be
tuned to form one of several hierarchical ‘flower’ type struc-
tures was reported by Liu et al.*® Tailoring the molar ratio of
each component in the solution phase provided control of the
level of the hierarchical superstructure obtained on the surface.
Each flower was organised into a spiral of petals around a
central pore, which displayed organisational chirality. Though
no control of overall surface chirality was achieved, domains of
enantiopure flowers were observed in roughly equal number.
Chiral pores are a common feature observed within molecular
monolayers, and recently strategies to resolve the surface into a
unique handedness have been reported.

3.2 Chirality on surfaces

Self-assembly of achiral molecules onto an achiral substrate
can induce chirality due to the dimensional constraints of the
surface.’>*® This resolution of achiral molecules tends to
produce a globally racemic surface, divided into many enantio-
meric domains and so the development of routes to construct
globally homochiral surfaces is a fundamental challenge. A
number of approaches have been taken to amplify surface-
based chirality. The ‘sergeants and soldiers’ strategy is fre-
quently employed to induce chirality of a monolayer, whereby
only a small number of chiral sergeant molecules are able to
bias the handedness of the supramolecular network formed
from achiral soldier molecules.*! Once adsorbed onto a surface,

This journal is © The Royal Society of Chemistry 2017

achiral DBA molecules can organise into a lattice with hexago-
nal pores of either clockwise or anticlockwise orientation
depending on the alkyl appendage interdigitation pattern.
These chiral pores have been demonstrated to serve as enantio-
selective hosts for chiral DBAs, with clockwise pores operating
as hosts for R-type DBA enantiomers and anticlockwise nano-
wells hosting S-type DBAs.*” Interestingly, the chiral DBA guest
molecules primarily function as sergeants for the DBA lattice,*?
promoting growth of a surface network where the majority of
nanowells are the wrong handedness necessary to host the
sergeant DBA.*> For example, a 30 mol% solution of an enan-
tiopure DBA (cDBA-OC12(S)) and 70 mol% achiral DBA-OC12
will form a monolayer with 95 + 3% clockwise nanowells, that
are largely unoccupied. The remaining anticlockwise pores,
however, show a 60 + 4% occupancy by cDBA-OC12(S)
sergeants.

Due to this host-guest complementarity between cDBA-
0OC12(S) and anticlockwise DBA nanowells, a chiral induction
pathway emerges. Upon annealing at 80 °C, the majority
handedness is reversed to produce a globally homochiral
monolayer of anticlockwise orientation.** This induction pro-
cess is driven by the guest cDBA-OC12(S) molecules which have
a higher adsorption energy than those acting as sergeants.
Upon desorption of the chiral sergeants that define the network
handedness, a mass reversal can be observed, due to those
guest cDBAs stabilising the anticlockwise pores and nucleating
growth of the anticlockwise domains. Contrary to this, if the
initial cDBA concentration is too low, such that there are too
few guests incorporated into the pores of the initial network,
the majority handedness dominates after annealing yielding a
surface DBA crystal of exclusively clockwise orientation (Fig. 9).
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(a) The molecules used in the four component self-assembly process. (b) Schematic illustration of the ‘core—shell’ multicomponent system in

which each core—-shell structure is assembled in a p6 plane group. (c) Molecular models illustrating the design strategy. (d) STM image of the four-
component network with three-concentric shells obtained at the octanoic acid/HOPG interface. () Molecular model for an ideal, extended network of
the four-component system. Reproduced with permission from the Royal Society of Chemistry from ref. 36.

Enantiopure sergeant molecules are not always necessary for
the formation of a homochiral lattice. The principle of ‘majority
rule’ has been validated by the Wan group; demonstrating that
a 5.2% enantiomeric excess of a chiral co-adsorber molecule is

12 | Chem. Soc. Rev, 2017, 00, 1-23

sufficient to guarantee global homochirality amongst a 5-(ben-
zyloxy)-isophthalic acid (BIC) derivative network.*’ Enantiopure
(R)- or (S)-2-octanol forms a surface co-crystal with BIC generat-
ing entirely clockwise or anticlockwise pores respectively. The

This journal is © The Royal Society of Chemistry 2017
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Temperature

(a) Modelling of completely confined cDBA-OC12(S/R) guest molecules in counterclockwise (CCW) DBA-OC12 nanowells. For clarity, only the

guest molecules are displayed with a ball-type representation. (b) Summary of the chiral induction experiments reported in ref. 41. Clockwise (CW) and
CCW domains on the surface are represented in blue and orange, respectively, and are separated by domain borders (white dashed lines). The schematic
illustrates that, depending on the total concentration of the solution, the outcome of a sergeant-soldiers experiment involving DBA derivatives is
drastically different if the samples are annealed at elevated temperature. At lower overall concentration, amplification of the initial majority handedness is
observed, whereas higher concentrations lead to reversal of the majority handedness. (a) Reproduced from ref. 42 with permission from the Royal
Society of Chemistry and (b) from ref. 43 with permission of the Nature Publishing Group.

hydroxyl group of the alcohol directs chirality by forming a ten-
membered hydrogen-bonded ring with two acid groups of neigh-
bouring BIC moieties in the supramolecular monolayer. Deposition
of a 2-octanol racemate alongside BIC does not selectively produce
a homochiral network, although, an unbalanced isomeric mixture
shows a distinct preference: when the enantiomeric excess of the
(S)-isomer is only 1.3% the proportion of the BIC network is 68 +
8% anticlockwise; increasing to 93+ 12% with 2.6% enantiomeric
excess of the (S)-isomer. The BIC network orientation is sustained
upon replacement of the 2-octanol molecules with achiral 1,16-
hexadecanediol forming a global homochiral surface with exclu-
sively achiral building blocks.

A subsequent report investigated the ability of a series of
chiral alkyl alcohols to transmit their point stereogenic informa-
tion to the BIC lattice.*® With 2-octanol the stereogenic carbon
lies very close to the hydroxyl terminus of the alcohol, though
chiral induction is possible even with the stereocentre far away.
(S)-6-Methyloctanol, with the chiral carbon located six covalent
bonds away from the hydroxyl terminus involved in establishing
network chirality, forms BIC architectures of one specific hand-
edness, implying an efficient remote chiral communication.
Furthermore, an odd-even effect occurs if the absolute configu-
ration is maintained, but the stereocentre is moved along the
alkyl chain, the handedness of the network alternates. Molecular
modelling simulations revealed it is energetically favoured for
the chiral methyl branch of the co-adsorbing alcohol to orient
away from the surface, flipping the surface geometry of the
inductive hydroxyl group and thus the network handedness.

3.3 Stimulus responsive systems

In addition to the exploitation of molecular design to create
specific structures on surfaces*> an emerging theme of particular
interest is the ability to modify such structures post-assembly.
Herein, we will focus on three recent approaches to modifying
surface-bound assemblies, heat, light and electric fields.

This journal is © The Royal Society of Chemistry 2017

The use of temperature is an attractive approach to modify-
ing structures, post-assembly. The effect of temperature on the
extended structure of a hydrogen-bonded array has been clearly
demonstrated by Lackinger et al."” who studied the structures
formed by 1,3,5-tris(4-carboxyphenyl)benzene at the solvent/
HOPG interface. Interestingly, the framework formed by this
hydrogen-bonding molecule undergoes a phase transition
above room temperature. Although such phase transitions have
been studied previously, notably in UHV conditions,*® the study
at a liquid/solid interface allows the investigation of solvent
dependence. Indeed, the system studied by Lackinger et al.
exhibits solvent dependence, even using similar solvents (hep-
tanoic, octanoic and nonanoic acid were used). A reversible
phase transition between an open, chicken-wire, hexagonal
array and a closed, ‘row’ structure at the nonanoic acid/HOPG
interface is clearly demonstrated by a series of STM images
(Fig. 10). The ability to modify the structure of a framework
between an open, porous, array and a closed structure with a
simple temperature change indicates the possibility for using
heating to trigger guest release from supramolecular host
structures. A related study®® of the self-assembled structures
formed by an alkylated dehydrobenzo[12]annulene at a liquid/
solid interface, also illustrates the interconversion between
open, hexagonal, phase and a closed phase in which the
molecules adopt a close-packed structure. The authors found
that both temperature and concentration affect the thermody-
namics of the phase transition and successfully describe the
importance of enthalpic and entropic effects on the solvation of
molecules upon the self-assembly process.

A further method for the post-assembly modification of self-
assembled structures is to employ light-initiated processes to
make structural changes. A particularly reliable structural
change that has received attention is the ¢rans—cis isomeriza-
tion of azo-benzene moieties.*”° The azo-benzene group is
readily integrated into molecules, has extensively studied
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Fig. 10 STM images of the self-assembled arrays formed by 1,3,5-tris(4-carboxyphenyl)benzene at the nonanoic acid/HOPG interface illustrating as acquired
during repeated heat—cool cycles of saturated BTB in solutions demonstrating the reversibility of the phase transition between the open, hexagonal, phase at 25 °C
(a, c and e) and the close-packed, row’, phase at 55 °C (b, d and f). Reproduced with permission from the American Chemical Society from ref. 47.

photophysical behavior and is therefore a highly attractive
target for studies of light-initiated modification strategies. Two
studies®>”" have employed the azo-benzene isomerization to
induce structural changes, modifying pore sizes in open self-
assembled structures and therefore altering the 2D structure’s
ability to act as a host for guest molecules.

Shen et al.>® employ a macrocycle that contains four azo-
benzene groups to prepare a porous 2D array on an HOPG
substrate. In its all-trans conformation the macrocycle does not
effectively act as a host for the target guest, however upon irradia-
tion with UV light the macrocycle is enlarged by the isomerization
of two of the azo-benzene units to form the trans, cis, trans, cis
conformation of the macrocycle which is sufficiently open to
accommodate two guest coronene molecules (Fig. 11). Upon re-
isomerisation of the azo-benzene groups in visible light, returning
the macrocycle to the all-trans conformation, the coronene is
released from the macrocycle. A related process has been used by
Tobe et al.>" The study employs a molecule with a dehydrobenzo-
[12]annulene core which is decorated with azo-benzene containing
alkyl chains that are terminated with isophthalic acid groups. The
molecules self-assemble, employing a range of supramolecular
interactions, and creating pores from six isophthalic acid groups
that trap guest species, including coronene.*®” Photo-initiated
isomerization of the azo-benzene groups leads to modification of
the guest-containing pore and altering the ability of the supramo-
lecular array to act as an efficient host.

An alternative photoactive moiety that has been successfully
employed in the switching of 2D surface arrays is the diarylethene
group.”® Samori, Hecht and co-workers® have studied the inter-
conversion of 1,2-bis(2-methyl-5-(4-octadecyloxycarbonylphenyl)-
thien-3-yl)cyclopent-1-ene at the liquid/surface interface between
1-phenyloctane and an HOPG substrate. The molecule, desig-
nated DAE-o in its open form, undergoes an intramolecular
ring-closing reaction, to give DAE-c, when exposed to UV light
(310 nm) which can be reversed using visible light (530 nm)

14 | Chem. Soc. Rev,, 2017, 00, 1-23

Fig. 11 STM images (a) and model (b) of a tetra-azo-benzene containing
macrocycle, co-deposited with a long-chain tricarboxylic acid, (c and d)
deposition of coronene onto the macrocycle network with the azo-
benzenes in an all-trans conformation. Isomerization of the azo-
benzenes to a trans, cis, trans, cis conformation (e and f) allows encapsu-
lation of two coronene molecules per macrocycle. Reproduced with
permission from the American Chemical Society from ref. 50.

This journal is © The Royal Society of Chemistry 2017
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(a) Structures and UV/vis spectra of diarylethene species which undergo photo-initiated ring-closing reactions. STM images and models of (b and c)

DAE-o, (d and e) DAE-c, and (f and g) DAE-b at the 1-phenyloctane/HOPG interface. Reproduced with permission from the Wiley-VCH from ref. 53.
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(Fig. 12). The interconversion, including formation of a photo-
irreversible by-product, DAE-b, with an annulated polycyclic core
following prolonged UV irradiation, occurs in the solution phase
followed by re-adsorption onto the HOPG substrate. Such inves-
tigations demonstrate the complexity of systems at the liquid/
solid interface with interplay between a number of factors: surface
adsorption, solvent/substrate, solvent/molecule interactions
coupled with the efficiency of the photo-initiated process. It is
clear that there is great scope for using light to initiate post-
assembly modification of surface supramolecular arrays but that
there is a significant need for further studies of the many factors
that contribute to their effectiveness.

Another possible external stimulus that can used to influ-
ence the self-assembly processes of supramolecular assemblies
is electric fields. As STM is perhaps the most widely used tool
for the study of such arrays it is evident that the application of
an electric field, using the STM tip, is a particularly attractive
tool to endeavour to modify and influence the reactivity of
molecules on surfaces. The potential for such an approach has
been reported by Wan and co-workers.>* The authors first
assembled a honeycomb array of trimesic acid at an octanoic
acid/HOPG interface and then successfully assembled a second-
ary layer of 1,3,6,8-tetrakis(1-butyl-1H-1,2,3-triazol-4-yl)pyrene on
top of the trimesic acid monolayer whilst applying an electric
field from the substrate to the STM tip. The pyrene-based
molecules assemble into hexagonal, ‘flower-like’, arrangements,
comprising six molecules, as characterized by STM (Fig. 13). In

This journal is © The Royal Society of Chemistry 2017
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Fig. 13 STM images of (a) the honeycomb structure formed by trimesic acid
on HOPG; (b) large scale and (c) high resolution image of the bilayer ‘flower
structure formed by 1,3,6,8-tetrakis(1-butyl-1H-1,2,3-triazol-4-yl)pyrene sitting
on a trimesic acid monolayer whilst applying an electric field from the substrate
to the STM tip. (d) Proposed structural model of the flower structure, 1,3,6,8-
tetrakis(1-butyl-1H-1,2,3-triazol-4-yl)pyrene — yellow and trimesic acid -
purple. Reproduced with permission from the Wiley-VCH from ref. 54.
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the absence of an applied field a well-ordered Kagome network is
formed and apparent height measurements indicate that
whereas the ‘flower-like’ structure adopts a bilayer structure
the Kagome lattice is a more common monolayer. Bilayer
structures are uncommon in 2D supramolecular chemistry.>®
Thus it can be seen that the applied field has a significant effect
on the ordering, and even the dimensionality of the self-
assembled structure, indeed the bilayer structure is lost when
the electric field is removed, the structure reverting to the
Kagome arrangement.

Cometto et al. have studied the influence of an applied electric
field on the assembly of 1,3,5-tris(4-carboxyphenyl)benzene at the
nonanoic acid/HOPG interface.”® The same system has been
studied extensively by Lackinger et al,”” as discussed above and
it was found that the system undergoes a phase transition between
an open, hexagonal, phased and a close-packed ‘row’ phase. The
phase transition was found to be induced by heating but that the
temperature of this transition was solvent dependent. This phase
transition can also be induced by an electric field.*® Thus, applica-
tion of a negative potential between substrate and STM tip favors
adoption of the open, hexagonal, phase where as a positive
potential favors the closed, ‘row’, phase. The complexity of what
at first appears to be a relatively simple hydrogen-bonded system
perfectly illustrates the many factors that contribute to the for-
mation of self-assembled structures at surfaces, in this case
including temperature, electric field and solvent effects.

The ability to induce modifications of self-assembled struc-
tures and importantly the ability to monitor such processes at
the molecular level, using scanning probe microscopy, is a key
feature of surface supramolecular chemistry. Although, many
approaches exist to monitoring and investigating reactions in
supramolecular chemistry it is rare that such studies evaluate
modifications at the molecular level. Scanning probe micro-
scopy enables such studies and can lead to remarkable obser-
vations of subtle forces that affect assembly processes, even to

the extent of gaining insight into reactions at the molecular
leve] 50-54:56:57

4. Reactions on surface
4.1 Pre-assembly followed by covalent bond formation

Reactions on surfaces are clearly attractive for creating robust
structures but can also be used for the preparation of extended
species with new and interesting properties. A reaction which
has enjoyed investigation of a period of time is the poly-
merisation of diacetylene to prepare polydiacetylenes.>® 10,12-
Nonacosadiynoic acid self-assembles on HOPG such that the
long chain organic substituents are aligned with the diacety-
lene moieties in adjacent positions suitable for polymerisation.
The polymerisation step can be initiated by either irradiation
with UV-visible light or through stimulation by pulsed bias
voltage from an STM tip. Recent studies®*®° have demonstrated
that it is possible to couple such polydiacetylene species to
other molecules providing a pathway to exploiting the fabrica-
tion of these nanoscale wires. Co-deposition of the diacetylene

16 | Chem. Soc. Rev, 2017, 00, 1-23
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precursor and either phthalocyanine or Cgo results in the
formation of ‘islands’ of the aromatic species sitting in a ‘sea’
of the diacetylene species. Subsequent polymerization of the
diacetylene leads to not only formation of polydiacetylene
wires, clearly observed by STM (Fig. 14) but also initiates
reaction between the polydiacetylene and the guest phthalo-
cyanine or Cg, at the edge of the islands. Thus, polydiacetylene
chains are terminated by the aromatic species indicating that
wires have been successfully formed. It is believed that the
process relies upon the formation of covalent bonds between
the growing polydiacetylene chain, which contains a reactive
carbene on its termini, and the aromatic species. The studies
are particularly important for research targeting the prepara-
tion of molecular scale electronic circuitry.

Alkyne-alkyne coupling is a theme that has also been
developed by Colazzo et al.®* who, rather than focussing on
the coupling of diacetylenes, studied the reaction of terminal

b)

An-array of PDA
20nm* :

Fig. 14 Creation of junctions between Cgg nanoislands and polydiacety-
lene nanowires. (a) Large scale STM image following UV-induced diace-
tylene chain and (b) magnified image of the region within the blue box in
(a). (c and d) STM images taken before and after inducing chain polymer-
ization by applying voltage at the positions indicated by crosses. (e)
magnified image of the region within the blue box in (d) showing the
connection between the polydiacetylene nanowire and Cgo. Reproduced
with permission from the American Chemical Society from ref. 60.
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aryl-alkynes to prepare a diacetylene. Although the coupling of
terminal alkynes to generate diacetylenes has been known for a
number of years,®” such reactions have been achieved by
heating the precursor molecules on metal substrates to initiate
the reaction. Although this process is effective it can lead to
unwanted side products. In contrast the study by Colazzo
et al.°" is an effective way to produce diacetylenes using light
to induce the reaction between molecules adsorbed on an
HOPG substrate. By using 4-ethynylbenzoic acid the authors
are able to use inter carboxylic acid hydrogen-bonding to
organise the precursor molecules prior to photo-induced reac-
tion of the acetylene moieties. The approach is highly effective,
leading to large scale conversion whilst avoiding unwanted
side-products.

4.2 Equilibrium reactions

Developing covalently-coupled frameworks (typically called
covalent-organic frameworks or COFs) on surfaces is an attrac-
tive target for research with an anticipated increase in robust-
ness in comparison to arrays held together by weaker
interactions.®® However, methods to prepare covalently coupled
arrays can be limited by a need to employ a surface that
catalyses the formation of a specific covalent bond and by the
formation of arrays with small domain sizes and a high degree
of defects. This is in contrast to some supramolecular arrays
which can be assembled on a range of substrates and with a
high degree of ordering. The difference between the two
approaches primarily relates to the irreversible formation of
many covalent bonds, the feature which gives rise to their
robust nature simultaneously leading to the deficiencies of
such structures.

Efforts have been made to overcome this problem by the use
of coupling reactions that are not dependent on the nature of
the substrate and, due to their reversible character under
specific conditions, can lead to large arrays with small propor-
tions of defects. Such coupling processes include condensation
reactions such as boronic acid cyclo-condensation,®”®® boro-
nate ester formation®® and Schiff-base®” reactions. Each of
these reactions are reversible in nature with the bonds being
broken by reaction with water and reformed through a con-
densation reaction. The formation of boronate ester arrays on
graphite substrates has been successfully demonstrated. Lack-
inger et al. found®"® that whilst arrays with a small domain
size are formed during an initial deposition process it is
possible to induce an on-surface ripening process to generate
arrays with large domain sizes and relatively small number of
defects. As the cyclo-condensation of boronic acids can be
reversed by water, the presence of water is required for the
ripening process to occur, ultimately leading to larger COF
domains. The approach has been extended from the initial
study of 1,4-benzenediboronic acid,** to related, extended
analogues using an isoreticular approach.®® By increasing the
number of phenylene group linking terminal boronic acids,
from one phenylene in 1,4-benzenediboronic acid to four
phenylenes in quaterphenyldiboronic acid, and by employing
the ripening approach, the authors were able prepare COFs

This journal is © The Royal Society of Chemistry 2017
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Fig. 15 STM images of 2D COFs prepared by the derived from cyclo-
condensation of the precursor diboronic acids shown. Note the systematic
variation of the hexagonal pore dimensions. Reproduced with permission
from the American Chemical Society from ref. 65.

with varying size hexagonal pores (Fig. 15). The study addition-
ally demonstrates that, for certain examples, it is possible to
elucidate the supramolecular structure formed by the precursor
diboronic acids prior to thermal treatment to initiate the
formation of the COF structure.

Wang and co-workers have demonstrated a related approach
which employs the reversible behaviour of boronate esters.®® The
main difference in the strategies are that whereas the cyclo-
condensation reactions pursued by Lackinger et al. require a
single, diboronic acid, precursor the formation of boronate
esters requires the reaction of a boronic acid with a diol catechol
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Fig. 16 Schematic condensation reaction

representation of the
employed by Wang and co-workers to prepare boronate ester based
COFs. Reproduced with permission from the Royal Society of Chemistry
from ref. 66.

species. Thus, the boronate ester approach employs two compo-
nents and therefore has potential for a greater diversity of arrays.
In the example reported 1,4-benzenediboronic acid and
2,3,6,7,10,11-hexahydroxytriphenylene are reacted on an HOPG
substrate to form a 2D hexagonal COF with pores with a
diameter of 3.2 nm (Fig. 16). As with the cyclo-condensation
reactions the reversibility of the boronate ester formation is
essential to generate large domain arrays (ca. 100 nm X
100 nm). The authors achieve the formation of large domains
by reacting the starting materials deposited on the HOPG sub-
strate in an autoclave at elevated temperatures and in the
presence of a CuSO,-5H,0 powder. It is hypothesised that the
CuS0,-5H,0 plays a role in regulating the reaction equilibrium
through interactions between water molecules and the Cu(n)
salt.®”

An alternative reaction that reversibly forms covalent bonds
is the Schiff-base condensation reaction which involves the
reaction of aldehydes with amines.®® As with the boronate ester
reaction discussed above,®® the Schiff-base reaction employs
two components and Lei and co-workers have demonstrated
the adaptability of the approach through studying the reaction

18 | Chem. Soc. Rev,, 2017, 00, 1-23
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of benzene-1,3,5-tricarboxaldehyde with four different aromatic
diamines of varying length and steric properties. As with the
boronic acid reactions, the Schiff-base reaction is an equili-
brium which involves a dehydration/hydration process and this
is effectively employed to prepare large domain arrays on HOPG
substrates in the presence of an octanoic acid solvent. The
authors also successfully demonstrated that the reaction pro-
ceeds at the gas/solid interface under reduced pressure and
elevated temperatures. The low vacuum effectively removes
solvent molecules but also excess components of the arrays
leading to enhanced array crystallinity.

4.3 Reactions with surfaces: diazonium chemistry on
graphite/graphene

In addition to the in-plane reactions where molecules react
with each other (often) along the plane parallel to the solid
surface, there is an increasing interest in reaction protocols
where the molecules react with the solid substrate itself. This
approach has received significant attention in the recent past
largely due to importance attached to covalent modification of
graphene® and related 2D materials such as MoS,.”® Covalent
attachment of small organic molecules to solid surfaces is
beneficial from two perspectives. Firstly, it increases the robust-
ness of organic thin films attached onto the solid surface and
secondly, the covalent modification of technologically relevant
surfaces is known to alter their properties. For example, cova-
lent attachment of small organic molecules to graphene can
transform the pristine material, which is known to be chemi-
cally insensitive and difficult to disperse in typical organic
solvent, into a chemically sensitive, soluble material. In this
section we review a small yet significant section of surface
covalent modification strategies, namely diazonium chemistry
on graphite and graphene. While the examples discussed here
do not necessarily involve supramolecular chemistry, they are
an important part of the broader field of interfacial chemistry
and surface science.

The covalent modification of graphene is an intensively
researched area and is often perceived as a relatively robust
approach towards graphene functionalization, the other
approach being functionalization via physisorption.”" One of
the most popular reactions employed for modification of
graphene is based on diazonium salts. The covalent chemistry
involving the attachment of aromatic diazonium salts on
carbon surfaces has been known since the 1990s. The reaction
mechanism involves the transfer of an electron from graphene
to the aryl diazonium cation, which converts the latter into an
aryl radical with the loss of nitrogen. The radical then attacks
the sp>hybridized carbon of the graphene lattice thereby
covalently attaching itself onto the basal plane (Fig. 17a).

A combination of scanning probe microscopy and Raman
spectroscopy can provide valuable information on the degree of
covalent modification of graphitic substrates. Electrochemical
reduction of 4-nitrobenzenediazonium (4-NBD) tetrafluorobo-
rate enables covalent attachment of 4-nitrophenyl radicals to
the graphite surface. This system however suffers from a side-
reaction where, besides attaching onto the graphite surface, the

This journal is © The Royal Society of Chemistry 2017
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4-nitrophenyl radicals also attack the 4-nitrophenyl groups
already attached to the surface. This leads to formation of
oligomers thereby reducing the density of grafted aryl groups
and increasing the thickness of the resultant covalent film
(Fig. 17b). This shortcoming, however, can be overcome by
employing 3,5-bis-tert-butyl-benzenediazonium (3,5-TBD) salt which
has sterically hindering tert-butyl groups that inhibit the side reac-
tion thereby limiting the thickness of the layer to a monolayer
(Fig. 17b). Detailed concentration variation of the diazonium reagent
then allows precise control over the density of grafted aryl groups
(Fig. 17c and d). The evolution in the morphology of the surface was
followed using AFM and STM whereas concomitant changes in
graphite lattice were evaluated using Raman spectroscopy (Fig. 17e).
Raman spectroscopy has been an integral part of graphene research
since any covalent or non-covalent modification of graphene
changes its unique Raman spectrum. The covalent attachment of
aryl radicals onto the graphite/graphene surface proceeds via sp> to
sp® hybridization. The generation of these sp®-hybridized defects is
associated with the appearance of a characteristic D-band at around
1350 cm ™' together with changes in G and 2D bands in the Raman
spectrum of graphene. Monitoring of the surface morphology vis-a-
vis the changes in the Raman spectra provides a complete picture of
the surface modification process.”
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One of the unique aspects of the STM characterization of
covalently modified graphite surfaces is that the attached aryl
groups can be detached from the surface using the STM tip.
This is another example that demonstrates that STM can be
used not only for imaging but it can also serve as a nanoma-
nipulation technique. Using suitable tunneling parameters it is
possible to remove well-defined patches of the grafted material
thus providing an equivalent of STM nanolithography. Further-
more, the detachment proceeds with rehybridization of the
surface lattice defect from sp® back to sp® as demonstrated by
combined scanning probe and Raman measurements (Fig. 17f-
h). While the precise mechanism of this rehybridization is still
under scrutiny, the ability to produce nanometer-wide, well-
defined patterns of pristine graphite/graphene within the ‘for-
est’ of grafted aryls is exciting, facilitating the use of such well-
defined regions to study self-assembling systems under
(further) lateral confinement (Fig. 17i). Initial studies within
such so-called ‘nanocorrals’ with precise size, shape and orien-
tation have already provided some interesting insights into the
self-assembly processes under nanoconfinement. The probabil-
ity of self-assembly within such confined regions is reduced
significantly, when the size of the nanocorral is smaller than a
certain critical size. It is widely acknowledged that scanning
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(a) A schematic showing the attachment of phenyl radicals to the graphene/graphite surface using electrochemical (EC) reduction of diazonium

salts. (b) A scheme showing the difference in the covalent chemistry of 4-NBD versus 3,5-TBD. (c and d) STM images showing the surface morphology
after covalent grafting of 4-NBD (c), and 3,5-TBD (d) using 1 mM solutions. (€) Raman spectra showing the evolution of the D band as function of
concentration of 3,5-TBD used for the electrolysis. (f) Schematic showing an STM nanolithography experiment where the detachment of phenyl groups
was carried out in well-defined narrow stripes (grey) using STM tip. (g) Confocal Raman D-band map of the stripes. (h) Raman spectra before (red) and
after (blue) STM lithography. (i) Self-assembly of pentacontane within the degrafted nanocorrals. Reproduced from ref. 72 with permission from the
American Chemical Society.
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using an STM often influences the assembly process even when
working with regular solid surfaces. Such effects are dramati-
cally enhanced when the self-assembly occurs in nanoconfined
space as recently demonstrated in case of an alkylated diacety-
lene derivative.”?

An increasing number of researchers have now started to
combine supramolecular chemistry on surfaces with interfacial
covalent chemistry. Recently a strategy combining physisorp-
tion and chemisorption was employed for exercising spatial
control over covalent attachment of diazonium radicals onto a
graphene surface.”* The approach involved pre-assembly of an
alkyl diazonium salt on the surface followed by electrochemical
activation to yield aryl radicals which then covalently attach to
the surface of graphene. The long alkyl chains attached to the
phenyldiazonium moiety facilitate the self-assembly of mole-
cules into a columnar structure and this self-assembled net-
work is then ‘imprinted’ into the covalent pattern by
electrochemical activation. Similar strategies, where a supra-
molecular assembly step precedes the covalent chemistry, are
rapidly evolving.”®

5. Recent advances: imaging and
beyond imaging

Since its inception in the 1980s both AFM as well as STM have
evolved significantly, both in terms of the technology behind
the methods as well as the applicability of the techniques to
wide ranging issues. Originally intended for surface imaging,
scanning probe microscopy has developed into versatile tech-
nique which can provide valuable information on electronic as
well as mechanical properties of surface adsorbed material.
Although invented in late 1980s, non-contact AFM (nc-AFM) has
surpassed STM in terms of lateral resolution. The decoration of
AFM tips with carbon monoxide molecules, which enabled first
high-resolution nc-AFM images of pentacene,”® is now increas-
ingly employed for high-resolution imaging of molecular adsor-
bates under ultrahigh vacuum conditions. The technique has
already been applied for imaging of hydrogen-bonded
arrays’”’® (Fig. 18), for bond order discrimination,”® as well

=210

Fig. 18 (a) Constant height nc-AFM image of a hydrogen-bonded array of
1,4,5,8-naphthalenetetracarboxylic diimide (NTCDI) molecules on a
Ag:Si(111)-(/3 x /3)R30° substrate acquired at 77 K. (b) Overlay of a
NTCDI model on a contrast-adjusted section of the image shown in (a).
The intermolecular H bonds (N-H---O) are shown as dotted black lines.
Reproduced from ref. 78, with permission from the Nature Publishing
Group.
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as for following chemical transformations down to atomic
detail.®® A recent development on this front is the ability to
measure mechanical properties of individual conformers of
large organic molecules. The forces required to push two
conformers of tetra(4-bromophenyl)porphyrin along Cu(111)
surface were measured using nc-AFM measurements. Despite
having comparable binding energies, the mechanochemical
response of the two conformers was found to be significantly
different. The conformational variation leads to significant
differences in the diffusion barrier for the two conformers thus
modifying the mechanical response of the two molecules
towards lateral manipulation.®'

Since nc-AFM provides resolution comparable to or better
than STM, imaging of molecular adsorbates on insulating
surfaces has become possible. Such surfaces offer a fundamen-
tally different platform for molecular self-assembly. This is
because the contribution of long-range repulsive interactions
to molecular ordering is expected to be significant on insulat-
ing surfaces. Such repulsive interactions are often screened on
conductive substrates yet self-assembly based on long-range
repulsive interactions has been reported for molecules posses-
sing a permanent electrical dipole moment as well as those
which do not possess a permanent dipole moment. Calcite is
one such insulating surface which enhances the repulsive
interactions. For example, self-assembly of 3-hydroxybenzoic
acid on calcite leads to formation of equidistant stripes that
consist of hydrogen-bonded molecular double rows. Coverage-
dependent nc-AFM images revealed that the periodicity of the
striped pattern changes depending on the surface coverage of
molecules. This coverage-dependent periodicity is a strong
indication of long-range repulsive interactions which at lower
surface coverages manifests as molecular stripes that are
spaced apart by 16 nm. Since substrate templating as well as
charge screening effects are either minimal or absent on
insulating surfaces, this unique self-assembling pattern was
explained using a generic model wherein the electrostatic
repulsion originates solely from adsorption-induced dipoles.®

Imaging on insulating surfaces, especially at solution-solid
interface using STM is not as straightforward. This prohibits
the use of STM as a spectroscopic tool for probing the local
density of electronic states and the band gap of surfaces and
molecular adsorbates. This is typically achieved by monitoring
either the current-voltage (I-V) characteristics or the tunneling
conductance (dI/dV). However, a typical STM experiment
requires a conducting surface and the molecular adsorbate is
often electronically coupled with it. Thus, probing the intrinsic
electronic properties of molecular adsorbates is not trivial and
requires its electronic decoupling from the surface. Such
decoupling is typically accomplished by introducing a very thin
non-conductive layer between the substrate and the molecular
layer. A thin NaCl layer is commonly used as an insulating layer
in studies carried out under UHV conditions. The solution-
solid interface however proves much more challenging for such
studies, due to poor stability of such layers and in view of in-
plane and out-of-plane molecular dynamics present under such
conditions. A recent breakthrough in electronic decoupling of
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molecular layers at the solution-solid interface may prove to be a
general approach for precise estimation of local spectroscopic
properties. This approach involves use of self-assembled mono-
layer of triacontane as an insulating spacer between a gold
surface and the STM tip. Long chain alkanes are known to
self-assemble with their long axis parallel to the surface to form
ordered layers. Such a layer of non-conductive molecules is thin
enough to allow electrons to tunnel through, while effectively
screening molecule-substrate interactions. Silicone oil was used
as a high-viscous liquid medium which significantly limits the
degree of dynamics. This unique combination of spacer and the
viscous medium allowed precise spectroscopic measurements
on electronically decoupled single Cg, molecules as well as flakes
of graphene, providing detailed information on their molecular
energy levels with high spatial and energy resolution.*®

Embracing non-conductive surfaces is becoming a trend as
it adds another dimension to the applicability of scanning
probe methods allowing investigation of new materials and
physical properties. Molecular self-assembly on insulating sur-
faces also provides opportunities to investigate the optical
properties of supramolecular networks. Self-assembly of
5,10,15,20-tetrakis(4-carboxylphenyl)porphyrin (TCPP) was stu-
died on the surface of hexagonal boron nitride (hBN).**
Remarkably, AFM imaging under ambient conditions provided
sub-nanometer resolution of the supramolecular network
allowing detailed molecular level characterization. The mole-
cules form an ordered hydrogen-bonded array of either a
hexagonal or a square lattice, the latter being more stable.
Dispersion corrected DFT calculations revealed that the mole-
cules undergo a bowing distortion upon adsorption on the hBN
surface. The aryl side groups hinder good van der Waals contact
with the underlying surface. The distortion in the molecular
frame allows maximization of van der Waals interactions. This
distortion is reflected in the fluorescence spectrum of the self-
assembled network which was found to be red-shifted by
~ 30 nm with respect to that in solution. The insulating nature
of the hBN allows evaluation of such optical properties as self-
assembled networks of TCPP adsorbed on conductive surfaces
such as HOPG and MoS, did not show any fluorescence.

An area where molecular self-assembly on surfaces is poten-
tially powerful is in electronics, where molecular adsorption, be
it physisorption or chemisorption modifies the substrates
properties in a well-defined manner. The advantage of sub-
strate functionalization based on molecular self-assembly ver-
sus spatially random adsorption is two-fold. The surface density
and spatial ordering of a functional group can very efficiently be
controlled by molecular self-assembly. We already hinted to the
fact that spatially controlled grafting is of interest for control-
ling the band gap of graphene. But, additionally, non-covalent
modification of graphite and in particular graphene is a power-
ful approach. One current key challenge in graphene research is
to tune its charge carrier concentration, i.e., p- and n-type
doping of graphene. Using the supramolecular self-assembly
approach using alkyl amines that have varying chain lengths,
tuneable n-type doping of graphene was obtained.®> The dop-
ing magnitude is modulated by controlling the density of the

This journal is © The Royal Society of Chemistry 2017
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strong n-type doping amine groups on the surface. As revealed
by scanning tunneling and atomic force microscopy, this
density is governed by the length of the alkyl chain which acts
as a spacer within the self-assembled network. The modulation
of the doping magnitude depending on the chain length was
demonstrated using Raman spectroscopy and electrical mea-
surements on graphene field effect devices.

Another interesting development is the controlled formation of
multilayers of the same material or stacks of different materials.
Once could argue that physisorbed two-dimensional supramolecu-
lar assemblies are too weak to play a meaningful role. This is to a
certain extent true but one should take great care not to generalize
the “weakness” of these type of monolayers. As discussed, some
systems show significant kinetic blockades reducing or eliminating
the desorption of adsorbed molecules, even in a liquid environ-
ment. Recently, it was documented that ALD growth of Hf02 could
be templated on a physisorbed PTCDA monolayer on epitaxial
graphene on SiC(0001).*® In contrast to graphene itself, the
chemical functionality provided by the PTCDA seeding layer
resulted a homogeneous ALD layer.

6. Conclusions

The field of 2D supramolecular chemistry and surface self-
assembly continues to grow and offers many exciting opportu-
nities for future advances. As the field diversifies many differ-
ent facets of research are the focus of recent studies. These
include the development of increased understanding of the
fundamental thermodynamic properties that underpin the
surface-based self-assembly processes. As with solution phase
supramolecular chemistry both enthalpic and entropic factors
are significant but in the case of surface self-assembly the
additional role of the surface is highly significant. The field is
moving towards more applied investigations with an increasing
emphasis on preparing chemically and physically robust sys-
tems. The increasing exploitation of covalent coupling reac-
tions to prepare extended arrays or to modify existing structures
is an emerging theme that we anticipate will continue to grow.
In contrast to other areas of supramolecular chemistry, the
methods of characterisation employed in the field, notably
scanning probe microscopies, allow a remarkable depth of
understanding that facilitates the study of highly complex
systems. Thus, recent studies have developed methods of
assembling many component systems in a single step and also
the assembly of highly complex prototypical fractal and quasi-
crystalline systems. In many ways, such systems lie at the
pinnacle of supramolecular chemistry in terms of their com-
plexity and this is made possible by the techniques and
approaches that are made necessary by working on surfaces.
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