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Beyond “decorative” 2D supramolecular self-assembly: strategies
towards functional surfaces for Nanotechnology

Lydia Sosa-Vargas,” Eunkyoung Kim,b and André-Jean Attias °

2D supramolecular self-assembly has emerged as a powerful tool in nanoscience for bottom-up fabrication of well-defined

and long range ordered two-dimensional (2D) molecular nanostructures at surfaces. Following an overview of the

principles of this distinctive self-assembly process, this review focusses on recent stategies developed to go beyond the

surface nanopatterning and to provide functional surfaces.

With an emphasis on the chemical engineering of the

molecular building-blocks constituting the adlayer, we show that besides supported nanoporous networks the more

promising approach lies on up-standing 3D functional build-blocks

mounted on the substrate. We highlight the

opportunities offered by graphene, a substrate for which the non-covalent functionalization by supramolecular self-

assembly represents a way to either control its electronic properties or provide it a new functionality. Finally, future

perspectives are addressed.

Introduction

Supramolecular self-assembly at surfaces, so-called two-
dimensional (2D) supramolecular self-assembly, has emerged
has a powerful tool in nanoscience for bottom-up fabrication
of well-defined and long range ordered 2D molecular
nanostructures at surfaces.’” This approach aims to create a
tailored interface, which is assembled molecule by molecule to
produce in a parallel process a supramolecular architecture
and to alter the surface properties. Much of the work in
surface-confined supramolecular self-assembly has focused on
the understanding of this distinctive self-assembly process and
on the engineering principles, leading to the well-mastered
patterning of substrates. The next step recently developed to
go beyond the decorative supramolecular self-assembly at
surfaces is to provide a functionality to the whole ‘substrate-
organic adlayer’ hybrid system. Such surface engineering is of
paramount importance to functionalize substrates at the
nanometer scale in view of potential applications in emerging
fields such as molecular spintronics, molecular rotors, sensing
or molecular and organic electronics.

In this review, we summarize the different strategies
towards functional surfaces by supramolecular self-assembly
in scope of their applications within nanotechnology. With this
aim, we present the issues that arise within each approach,

with an emphasis on the chemical engineering of the
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molecular building-blocks. First, we start with a brief overview
of the background current state of the art of
supramolecular self-assembly at Afterwards,
according to the main objective of this review we briefly

and
surfaces.

examine functional systems (nanoporous networks) where the
collective properties originate from the supramolecular self-
assembly itself, and are not present in the individual molecular
components. have focused on 2D
structures, we show that an additional complexity has to be

Since most studies

incorporated in the surface normal direction, the third (3rd)
dimension. Thus, we describe some examples where 3D
molecular building blocks, functional by themselves, are
adsorbed on the surface. In the last part, we address the
present popularity of graphene and its use as a highly desirable
substrate for functionalization, examining some of the ongoing
research in relation to its modification by the supramolecular
approach. Lastly, we conclude by examining and discussing
future perspectives of a new generation of functional surfaces,
transcending from molecular-level systems into the nanoscale
leading to a of functional
nanomaterials.

and realistic development

1. Principles of supramolecular self-assembly at
surfaces

Supramolecular self-assembly at surfaces is a multidisciplinary
approach based, in a first key step, on the chemical
engineering of molecular building-blocks (tectons). They
consist in mostly planar extended m-systems equipped with
peripheral functional groups able to engage in non-covalent
interactions such as hydrogen bonding, metal-ligand, and van
der Waals interactions. In a second step, the specifically
designed tectons are adsorbed on the substrate, diffused on it,

J. Name., 2013, 00,1-3 | 1
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and their non-covalent coupling leads to the formation of
physisorbed well-ordered 2D supramolecular adlayers. The
molecular layers can be formed either under ultra-high
vacuum (UHV) conditions at the UHV-solid interface or under
ambient conditions at the liquid-solid interface. In the former
case, the substrate can be an atomically flat metal or
semiconductor. Under ambient conditions, besides Au (111),
highly oriented pyrolytic graphite (HOPG)
commonly used substrate due to its stability. Recently,

is the most

another spz-hybridized carbon substrate, graphene, has
received a growing attention driven by the current interest in
its non-covalent functionalization. Besides graphene, other 2D
substrates have also been used such as hexagonal boron
nitride (h-BN) or transition metal dichalcogenides (e.g. MoS,).
These surface-confined nanostructures are studied by using
(SPMs),
scanning tunnelling microscopy (STM) and spectroscopy (STS).

scanning probe microscopies and in particular
Indeed, these tools enable the characterization in direct space
and at atomic-scale in terms of topography and spectroscopy,
giving a deep insight into the organization and electronic
interactions occurring within.

Following the seminal work of Foster et al.’ and Rabe et
al,’ a great diversity of supramolecular self-assembled one-
(1D) (2D)
resulting from the surface deposition of a huge number of

dimensional and two-dimensional structures
molecular building-blocks were observed. After extensive work
published on the description and a posteriori empirical
interpretation of nanostructure organization on surfaces,
numerous studies were devoted to the understanding of the
mechanisms and parameters driving the surface-confined
supramolecular self-assembly. The structure of the adlayer
obtained by 2D supramolecular chemistry, the so-called non-
covalent synthesis at surfaces, arises from a subtle and fine
balance between the molecule-substrate and the molecule-
molecule lateral interactions (Figure 1). The main highlighted
characteristics are the structure of the elemental building
blocks in terms of the core unit shape and number as well as
the position of the peripheral chemical functionalities directing
the self-assembly on the one hand, and the type of surface on
the other. Moreover, at the liquid-solid interface; the type of
solvent, the concentration of the tecton, and the temperature
also influence the self-assembling processes. All those results
have been subject to published reviews and have allowed the
‘decoration’ of surfaces with mono-, multicomponent, and

hierarchical well-defined 2D networks (Figure 2).5’13

2. Strategies towards functional surfaces

To go beyond the above mastered decorative surface-confined
supramolecular self-assembly, the next step is the
development of functional surfaces, the ultimate goal being
their integration into functional (nano)devices.

a) 2D nanoporous networks

In this regard, alveolate 2D networks (controllable both in pore
size/shape and pore to pore distance) should be of particular
interest due to their capability to act as host-guest systems.

Since these nanoporous networks expose well-defined voids
(diameter of a few nanometers) they can be used as templates
capable of trapping or releasing guest molecules.**®
of the cases of host-guest recognition, the host template plays

In most

the role of a sieve and the guest molecules accommodate
themselves within the voids. In order to tune the guest binding
ability of porous networks, sophisticated approaches have
been developed to functionalize the pores.”’19 Besides simple
passive occupation of the cavities by the guest molecules, their
rotational and lateral mobility inside a cavity, and their
2923 0n the
other hand, taking advantage of the dynamic character of the

hopping between cavities has been evidenced.

supramolecular chemistry, strategies have been developed to
transform a linear nonporous two-dimensional network into a
honeycomb porous network in response to the addition of

24-25
guest molecules.

All these works represent the first steps
towards functional systems by addressing various interesting
issues such as guest selection, recognition, immobilization and
dynamics. However, so far, all these features remain confined
within the plane, precluding any applications.

Therefore, one critical challenge is to exploit the room
above the substrate i.e. the 3 direction perpendicular to the
substrate. This is mandatory for the progress of for example
electronics and photonics, in which the proximity of adsorbed
photoactive units with conducting substrates results in a fast
quenching of the electronic excitation. Access to the 3rd
dimension is also needed to introduce rotary motions or to
fabricate functional bio-interfaces. Therefore, providing
approaches for the incorporation of a ‘functional’ moiety
is a prerequisite. The first

approach and also the most popular and highly developed
26-27

positioned atop the surface
method -self-assembled monolayers (SAMs) is based on
the chemisorption of building-blocks on (semi-)conductor and
dielectrics surfaces. The self-assembling molecule consists of a
head group that binds to the substrate, a spacer chain (tilted
approximatively 30° from the vertical), and a functional tail
group. SAMs, mostly thiol derivatives on gold, have emerged
as versatile platforms for generating exposed surfaces since
exhibiting a wide range of well-defined functionalities
(nonpolar, polar, electroactive, hydrogen bonding etc...). Thus,
SAMs can find applications in numerous fields such as organic
electronics.”® However, this approach suffers from the poor
control of the lateral order offered by functionalized SAMs.
Indeed, if the tail group is large relative to the cross-sectional
area of the spacer alkane chain (0.184 nm2) the intralayer
organization is disordered.”® To tackle this issue, multipodal
platforms bearing several anchoring groups to increase the
binding stability as well as the footprint have been
developed.29 Moreover the SAM based strategy cannot be
used for the functionalization of carbon allotropes such as
carbon nanotubes, HOPG, and graphene. Besides the above
SAM based approach, during the last decade considerable
effort has been devoted to extend supramolecular self-
assembly at surfaces (by physisorption through non-covalent
chemistry) into the direction perpendicular to the surface, in
order to add a function which mustn’t disturb the 2D self-
assembly and be

preserved from possibly-detrimental
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substrate influences. The main goal of this critical review is to
present the strategies developed for functional up-standing 3D
build-blocks in the literature.

The use of nanoporous 2D networks can be exploited
further for trapping 3D guests to build non-planar networks,
towards 3D surface-based supramolecular architectures.’® One
example of this type of template is a hydrogen-bonded
monolayer based on p-terphenyl-3,5,3”,5"”-tetracarbocylic acid
(TPTC) self-assembled on HOPG. After addition of Cg
molecules, STM shows not only the adsorption of the 3D
guests into the pores of the monolayer but also the formation
of a second nanoporous layer of TPTC molecules, self-
assembled around the spherical shaped Cgo molecules. This is
an example of guest-induced growth into the dimension
the Cgo-bilayer
consisting of two overlying pores. Moreover, the subsequent

perpendicular to the substrate, network
addition of a planar guest molecule (coronene) leads to the
removal of Cgg, with the Cgy-bilayer network being replaced by
a TPTC monolayer porous network with coronene immobilized
within. Thus, the authors have demonstrated the reversible
transformation between a single-layer and a bilayer structure
induced by the guest. In this case, whilst a “3D” system is
achieved, it is not truly “functional” as we cannot exploit the
molecular properties of the guests (Cgo) due of the electronic
coupling that exists with the substrate.

b) 3D functional tectons

Another approach consists in self-assembling 3D functional
tectons. With this several strategies have been
developed.

Phthalocyanine (Pc) materials have proved to be popular
molecular species for supramolecular assembly on various
metallic/ non-metal substrates, being capable to form a
diverse variety of highly-ordered, long-range, surface-confined
2D—mono|ayers.31 Pcs can also be used to project into the 3rd
dimension by the formation of 3D functional building blocks
consisting of a lanthanide cation (Ln) sandwiched between two
Pc ligands (Figures 3a and b). These mononuclear metal
complexes (LnPc,) have demonstrated magnetic behavior, as
single molecular magnets (SMMS).32 More complex multi-
decker phthalocyanine complexes (Ln,Pc,.;) have also been
synthesized. These lanthanide double-decker Pc complexes
play a key role in molecular spintronics due to their
exceptional robustness when confined to a surface. In
particular, the magnetic properties of TobPc, SMMs have been
studied thoroughly whilst deposited on various metallic, sz_
hybridized and insulating substrates. These studies have
provided insight into how the magnetic properties can be
affected in relation to the Pc-surface interactions,33 thus
paving the path for potential implementation of these
materials in functional nanodevices.>® On the other hand,
when adsorbed on Au(11l) in UHV at low temperatures,
(TbPc,) exhibits two adsorption configurations, due to an
azimuthal rotational angle between the two facing Pc ligands.
It was demonstrated that the rotation of the Pc ligands can be
monitored by applying a pulse with the STM tip. Since this
electric driven molecular switching effect modifies the

aim,

molecular spin density, information (bit) can be encoded at the
molecular level (Figure 3c). A similar sandwich approach to
extend supramolecular assemblies at surfaces into the 3™
dimension has been carried out with tetraphenylporphyrin
(TTP) leading to multi-decker porphyrin systems.35 Cerium
double and triple decker complexes have been synthesized.
The main feature of these systems when adsorbed on Ag (111)
in UHV at low temperatures is the rotational motion of the
upper porphyrin by STM manipulation. In all the above
examples, the functionality of the 3D building blocks mounted
on the surface is evidenced solely by addressing the individual
molecules.

Other types of 3D tectons architectures have been
developed for applications in photonics and organic electronics
where the functional moiety of the molecular tecton must be
decoupled from the conducting substrate (Figure 4). The
simplest class of molecules developed to ensure this, are the
so-called ‘molecular landers’ (Figure 4a).*® They comprise a
polyaromatic board
(molecular wire) linked to several bulky side-groups acting as

central and rigid molecular main
spacer legs. When the molecular landers are adsorbed on a
metallic surface, the spacers maintain the main board at such
a distance from the surface that the aromatic part becomes
electronically decoupled from the surface. Designed without a
specific functional group for lateral interactions, the landers
adsorbed on a substrate do not form long-range ordered
patterns. However,

manipulated individually they exhibit

interesting properties for molecular electronics. More
interestingly, they are able to trap metal atoms and act as
moulds for metallic nanostructures. Therefore, building 2D
long-range ordered nanostructures could allow the formation
of metallic nanostructures. With this aim, a lander molecule
was for the first time equipped with a functional moiety, the
(DAT),

hydrogen bonding interactions.”” On Au (111), under UHV

diamino-triazine which enabled intermolecular

conditions, at low temperatures, 1-D chains and 2-D patterns

were observed and their formation explained through

molecular mechanics modelling. More recently, the co-

equipped with
bonding motifs have been

adsorption of two molecular landers
complementary hydrogen
investigated.38

Another strategy used for surface decoupling, consists of
assembling functional, multi-story tectons. With this in mind,
the cyclophane species consisting of two identical planar pi-
conjugated disks arranged face-to-face are attractive
structures. As a first example, Watson et al. investigated alkyl-
substituted cyclophane
derivatives assembled on HOPG under ambient conditions.*®
They demonstrated the feasibility of STM and STS studies of

3D molecules lying flat on the substrate. The STS results

hexa-peri-hexabenzocoronene

revealed a diode-like behavior, making these 3D tectons
potential components for single molecule electronics. Matino
et al. also demonstrated the advantage of a cyclophane

structure for the electronic decoupling of an organic

chromophore from a metal substrate, e.g. Au (111).40 They
diimide (NDI) cyclophane

consisting of two NDI chromophores from which only one can

investigated a naphthalene
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adsorb to the surface, whilst the second one is expected to
remain separated from the metal (Figure 4b). STM images
recorded under UHV conditions at low temperatures, confirm
the expected face-on organization on the substrate and STS
of the spatially

observations of vibronic

demonstrate the effectiveness
decoupling

excitations. Thanks to this decoupling, a scanning tunnelling

studies
electronic from
microscope was used to induce light emission, by injecting
electrons from the tip to the sample.41 We should note that in
all these examples the properties observed come solely from
the individual molecules and their structural composition lacks
some versatility.

Consequently, a different approach can be followed, based
on customizable molecular 3D tectons in order to ensure the
structural versatility in terms of chemical engineering.

With this objective, Bléger et al. developed 3D tectons
consisting of two faces linked by a spacer (pillar), applying the
so-called Janus tecton concept (Figure 4c).42 One face, the
“pedestal”,
carbon-based flat surfaces and the other allowing for the

is designed to steer 2D self-assembly onto sz_

desired functionality to be incorporated above the substrate
thanks to the pillar, with a well-controlled lateral order. The
Janus tecton construction method uses [2.2]paracyclophane
derivatives as pillar, where the lower-deck of the pillar is
connected to two binding units specifically designed for
steering the supramolecular self-assembly on graphitic
substrates (clip) and the upper-deck of the pillar allows the
attachment of the functional unit. As shown by STM studies at
liquid-HOPG interface, this design leads to the self-assembly of
3D tectons building-up perpendicular to the substrate. The
pedestal lies flat on the surface paving the HOPG with long-
range ordering and controlling the organization of the
superjacent functional units, hence leading to a periodic array
of e.g. chromophores at a defined distance from the substrate.
Du et al. took advantage of the cyclophane chemistry to build
a multi-story pillar that allows the tuning of the distance
between the functional unit and the substrate.”* This highly
versatile approach allows through the modification of the
upper-face, for the preparation of a wide range of 3D Janus
tectons that expose various functional units ranging from
fluorophores to functional moieties for potential uses, such as
for hydrogen- bonding, metal-ligand bonding, and redox
processes.* The effectiveness of the electronic decoupling will
be evidenced in part 3.d. by using a chromophore as functional
unit.

A second example of 3D-building blocks that also displays
concept,
specifically developed to work on gold substrates (Figure 4d).

great versatility is based on the “platform”
Baish et al., responsible for the introduction of this concept,
developed a modular system consisting of a platform, a spacer,
and a functional unit.*® More specifically, the platforms used
are based on triazatriangulenium (TATA) ions, whereas ethynyl
units are used as spacers to attach the target functional
molecule to the TATA. The TATA platforms are functionalized
vertically at the center and provide modular systems that form
well-ordered 2D networks on Au (111), as evidenced by STM at
the air-solid interface at room temperature. The platforms lie

flat on the substrate, whilst the spacer and the functional unit
are oriented perpendicular to the surface. The size of the
the the
substituents, controls the distance between the neighbors on

platform, determined by size of peripheral
the surface and therefore the spacing between the functional
groups, whereas the length of the spacer defines their distance
from the surface. The versatility of this approach was

evidenced by immobilizing functional molecules such as

. 46-48
azobenzenes and porphyrins.

The electronic decoupling of
these systems was demonstrated by studying the photo-and
thermally induced switching of azobenzene-functionalized
TATA platforms, under ambient conditions.*® The main result is

that the azobenzenes mounted on platforms exhibit fast,

reversible, and reproducible photoisomerization
demonstrating that the electronic properties of the
azobenzene functionality are preserved. The

photoisomerization is possible because the platform provides
sufficient space for the switching between the cis-trans
azobenzene conformers. Moreover, in the case of porphyrin as
functional unit, it was demonstrated that the ethynyl unit can
act as a pivot joint. If the distance between the platform
centers is larger or smaller than the porphyrin diameter, the
free azimuthal rotation is observed or locked, respectively.

As an alternative mode, the porphyrin unit can also
function as the molecular platform. Feringa and coworkers
have recently shown that metal-organic interactions using
porphyrins can be exploited to achieve 3D-architectures by the
approach (Figure 4e)® This method of
functionalization has the potential to create a variety of

bottom up

“functional surfaces” by coordinating a surface-confined Pc or
porphyrin to any pyridine or amine ligand bearing any desired
functionality. This strategy has been widely used when
Pc—based
ensembles,”’ on non-confined systems and therefore offers us

synthesizing  supramolecular donor-acceptor
a practical route in which the highly-versatile Pc or Por unit can

be used.

3. Graphene, the rising star in nanomaterials: a
substrate plus a component for supramolecular
self-assembly

Graphene has attracted intense research activities in recent
years due to its unique and outstanding properties,sz'sssuch as
superlative mechanical strength, high optical transparency,
extremely high conductivity and carrier mobility, and the
absence of a bandgap. All these features make graphene a
promising material for photonics and electronic applications.54
Pristine graphene is a network of spz—hybridized carbon atoms
packed into a 2D honeycomb lattice, and as a one-atom-thick
material, its surface and bulk coincide. Thus, the adsorption of
molecules can not only provide a new functionality (e.g.
improved solubility or bio-selectivity) but also modulate
graphene intrinsic electronic properties. The covalent
attachment of molecules to the graphene basal plane involves
the conversion of spZ carbon atoms into sp3 ones. Such
covalent bond-forming chemistry modifies the periodicity of
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the graphene network and thereby introducing a band gap,51
but this also leads to the destruction of the basic electronic
properties of graphene, such as the high carrier mobility. For
this reason, non-covalent functionalization by physisorption of
molecules has emerged as a promising strategy manipulate

56-58

graphene electronic properties, by induced interfacial

charge transfer (electrons or holes) between organic
molecules and graphene. This process is driven by the position
of the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) of the adsorbed
molecule and the Fermi level of pristine graphene (~4 eV)
(Figure 5).59’60

HOMO lying above the graphene Fermi level will induce a

Adsorption of m-conjugated molecules with

transfer from the molecule to the graphene (electron-donor
molecule), leading to n-type doping. For molecules with a
LUMO lying bellow the graphene Fermi level the transfer
occurs from graphene to molecule
molecule), leading to a p-type doping. Raman spectroscopy is

the method of choice to monitor the doping in graphene.® It

(electron-acceptor

has been demonstrated that a tailored molecular doping
allows the control of charge carrier type and concentration
and can generate a band gap,62 prerequisites for electronic
applications. The
reported

tetracyanoquinodimethane  (F4-TCNQ),
tetracarboxylic-3,4,9,10-diimide (PTCDI), perylene-3,4,9,10-
tetracarboxylic-3,4,9,10-dianhydride (PTCDA),
tetracyanoethylene (TCNE), whereas tetrathiofulvalene (TTF) is

electron-acceptor organic molecules
2,3,5,6-tetrafluoro-

perylene-3,4,9,10-

include:

and

used as an electro-donating molecule. More recently,

. 63-
organometallic complexes have also been successfully used
64

a) “Decorative” supramolecular self-assembly on graphene

Since graphene can be viewed as the last sheet of graphite
(HOPG) - a 3D stack of graphene sheets itself-, the comparison
of the supramolecular self-assembly processes on these both
spz—hybridized carbon substrates was investigated. It was
shown that in some cases, depending on graphene growing
process, it is a functional substrate in that it directs the self-
assembly.

In the early works, the investigated molecules were mostly
commercially available ones, and previously known for their
assembly on HOPG, these ranged from PTCDA,GS'66
metaI|ophtha|ot:yanines,67'72 C60,73'75 TCNQ, and F4-TCNQ.”®
Experiments for their study are usually performed under UHV
mostly at low temperatures, where the molecules are
deposited via thermal evaporation after in-situ growth of the
graphene layer. The self-assembly of organic molecules on
graphene is always achieved using single layers supported by a
substrate on which it was either grown or transferred. When
graphene is epitaxially grown on metal single crystal, lattice
mismatch between graphene and underlying substrate leads
to a superlattice called Moiré pattern. This later induces a
modulation of the carbon electronic properties, depending on
their position with regard to the surface metal atoms. It was
experimentally and theoretically demonstrated that different
self-assembling behaviors occur depending on the type of

graphene-substrate interactions, as reviewed by Kumar et al”’
For graphene growth by chemical vapor deposition (CVD) on
Ru(0001) crystal,
adsorption which strongly affects the molecular physisorption

the superlattice leads to site-selective
and consequently the formation of the molecular network.
This suggests that molecule-substrate interactions dominate
over intermolecular interactions. Taking advantage of this
feature and going beyond the observation of the organic
adlayer self-assembly, Zhang et al. showed that Kagome lattice
of iron phthalocyanine formed on such graphene monolayer
can be employed as host template for guest molecules leading
to host-guest molecular superstructures.78 Lu et al. also
demonstrated that the site-selective adsorption allows the
template and hierarchy assembly of Cgo molecules.”® Similarly,
Pollard et al. have shown that graphene grown on Rh(111) can
act as a template for the formation of hierarchical self-
assembled PTCDI-based nanostructures.’® On the contrary,
when graphene-substrate interactions are weaker, like for
graphene epitaxialy CVD grown on Pt(111), Ir(111), Cu or
grown by silicon thermal sublimation from SiC(0001) substrate
on the one hand or for graphene reported onto a substrate
SiO,, h-BN) on the other hand, HOPG-like self-
assembled nanostructures are observed. For example, Wang et

(mica,

al. achieved the self-assembly of PTCDA on epitaxial graphene
grown on the SiC(0001) surface.®’ After deposition in UHV,
STM
monolayer is formed, sweeping the graphene defects. The
the
resembles that seen on HOPG. Therefore, in these molecular
adlayers,
molecule-substrate interactions. More recently, the realization

images reveal that a well-ordered self-assembled

observed herringbone arrangement of monolayer

molecule-molecule interactions dominate over
of more complex multicomponent systems as on HOPG was
demonstrated by Banerjee et al® First, from 1,3,5-
benzenetribenzoic acid (BTB) the formation of nanoporous
networks self-assembled by hydrogen bonds on graphene on
Ir(111)

instance, these nanopores were then used as a template to

was observed under UHV conditions. In a second
host cobalt phthlaocyanine (CoPc) guest molecules.

Although the liquid-solid interface is the most popular for
studying self-assembly processes and nanostructures on HOPG
under ambient conditions, this alternative process to UHV was
only recently explored. Li et al. have translated the molecular
engineering rules working on HOPG to graphene and self-
assembled a dehydrobenzo[12]annulene (DBA) derivative
equipped with long alkyl chains containing diacetylene units on
supported on different (graphene
epitaxialy grown on SiC, CVD-grown graphene on Cu,

graphene substrates
exfoliated graphene on mica).®* STM and AFM investigations
first reveal that robust, air-stable, self-assembled honeycomb
nanoporous networks are formed. Secondly, the networks
appear to follow the topography of the graphene surface
HOPG, the
supramolecular self-assembly is stabilized by van der Waals

whatever its roughness, and similar to

interactions between interdigitated alkyl chains.
As we can see, the non-covalent, supramolecular approach

for surface functionalization, specifically in

84-86

graphenoid

substrates has proven quite successful. Nonetheless, this
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strategy still presents some issues as there are only limited
examples of surface functionalization that do not interact with
the electronic properties of the substrate (graphene) and
secondly,
confined 2D-arrays can be incorporated into higher order

where the long-range order of these surface
nanostructures.
b) Towards functionality: tuning the bandgap

With this aim, Prado et al. have demonstrated the graphene p-
doping under
functionalization

ambient conditions through non-covalent
with acid.”’ The
octadecylphosphonic acid (OPA), where the phosphonic acid

phosphonic

headgroup -electron acceptor- is attached to a long and linear
alkyl chain, was deposited by drop-casting onto exfoliated
layer covering a p-doped Si
It was demonstrated experimentally by AFM
with
calculations that well-organized monolayers can be formed on

graphene flakes onto SiO,
substrate.
characterization and in combination theoretical
graphene in a similar fashion as to HOPG. These monolayers
consist of phosphonic acid dimers where the alkyl chains are
oriented along the graphene in a perfect zigzag-type alignment
with the underlying layer. They also reported the occurrence
of charge transfer between graphene and the organic adlayer,
investigated by Raman spectroscopy and ab initio calculations.
In the Raman spectra, the adlayer was found to a shift of the
graphene G peak to higher wavenumbers with a reduction of
its width, and the decrease of the relative intensity of the
second-order graphene 2D peak in relation to the G peak. In
this case the charge—carrier concentration, being estimated to
1.2 x 10" em™ is in agreement with the value predicted by
theoretical calculations (5.3 x 10" cm’z). However, it must be
noticed that in this case, the graphene was already slightly
doped before OPA deposition (0.2 x 10" cm'z).

In another example, Li et al. have self-assembled
oleylamine (OA) from a spin-coated solution under ambient
conditions, to n-dope epitaxial graphene on Sic.%8 In this work,
the NH, group is expected to potentially act as an electron
donor and the long alkyl chain should steer the self-assembly.
First, AFM and STM images after deposition of OA on both
HOPG that
homogeneous consisting  of

and graphene were recorded, showing
self-assembled monolayers
ordered nanostripes are formed whatever the substrate. The
relative orientation along three preferred directions reflecting
the three-fold symmetry of the sp2 carbon-based underlying
surfaces suggest an epitaxial arrangement on both substrates.
A tentative model of the organization within the lamellae was
proposed: the adopt a head-to-head

interdigitated configuration forming dimers perpendicular to

molecules non-
the lamellar direction, and the alkyl chains lie parallel on the
basal plane of the substrate. Second, the modifications of the
investigated by
electrical characterization of a backed-gated graphene field

electronic properties of graphene were

effect transistor (GFET). The transfer characteristics show a
shift of the charge neutrality point (CNP) to negative voltages,
consistent with electron accumulation in the graphene
channel, i.e. n-doping. The VPN values reached -16V and -28V

after a first and second deposition of OA, respectively. Thus, by
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varying the OA deposition conditions, the maximum estimated
electron doping concentration reached a value of 7.7 x 10"
cm™.

More recently, Feringa and coworkers investigated the
electronic properties of commercially available graphene
reported on silicon/silicon dioxide modified by self-assembled
bis-urea-terthiophene based molecules.®® The STM images at
the liquid/solid interface at room temperature indicate that
well-ordered nanostructures are formed, the hydrogen bonds
driving the formation of one-dimensional molecular wires in
which the thiophene cores form wires separated by the same
well-defined spacing distance on both HOPG and graphene
substrates. In order to study the effect of the non-covalent
functionalization of graphene on its electrical properties,
several large-area transistors have been prepared. The authors
observed changes in doping levels and variation in charge
carrier mobility, however they demonstrate that doping levels
are uncontrolled and weak compared to the effect of
unwanted dopants. In all the above examples, the weakness
lies in the lack of molecular design to adapt the frontier
orbitals of the molecular tecton to control the charge transfer.

Bandgap opening by patterning graphene was also
demonstrated by Yang et al.,® through STM and STS studies of
a self-assembled monolayer of a PTCDI derivative on epitaxial
graphene on hexagonal silicon carbide — SiC(0001). The STM
images evidence the existence of six types of molecular
orientations of the adlayer in respect to the substrate. STS
results show that the interaction between the PTCDI molecules
and the graphene surface shifts the LUMO towards the Fermi
level, inducing a charge transfer and thus contribute to the
opening of a band gap in the graphene.

c) Off-plane functionalities

The need to access the 3™ dimension to decouple from
graphene molecules exhibiting optical properties was
evidenced by several works. Kozhemyakina et al.
indirectly demonstrated by Raman spectroscopy the
quenching of fluorescence of perylene bisimide (PBI)
derivatives adsorbed on graphene.91 At 532 nm excitation,
both graphene peaks (D, G, and 2D bands) and peaks
originating from the PBI are observed, although this molecule
is strongly fluorescent when resonantly exited at this
wavelength, usually precluding to measure a Raman spectrum
of the pristine dye. Thus, the above result is consistent with an
efficient fluorescence quenching of perylene by graphene. This
feature is associated with photo-induced electron transfer
(Dexter process). Moreover, Wojcik et al. probed the excited
electron-transfer interaction by studying fluorescence lifetime
of porphyrin on graphene.92 On the other hand, quenching of
fluorescence can also be due to a nonradiative energy transfer
to graphene (Forster process). Gaudreau et al. evidenced this
process by measuring emitter (Rhodamine) lifetimes as a
function of emitter-graphene distance d.> The separation
between Rhodamine and graphene is tuned by depositing TiO,
spacer layer of controlled thickness. The observed energy
transfer rate is proportional to d™* that is characteristic of 2D
media and the decay rate is enhanced by a factor of up to 90.

have
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This result highlights the need to position the emitter away
from the graphene to avoid the quenching, and consequently
to play with 3D functional tectons. With this aim, several
strategies have been developed (Figure 6).

The pyrene unit is known to exhibit van der Waals
interactions with spz-carbon materials and has been used as
anchoring point for the non-covalent functionalization of
nanotubes. Lopes et al. have used a monopodal single-
molecule magnet consisting of a bis(phthalocyaninato)terbium
(1) (TbPc2) complex bearing a pyrenyl group to decorate
graphene (Figure 63).94 From the characterizations by Raman
spectroscopy, AFM, and electron transport measurements it is
inferred that both TbPc, and graphene electronic properties
are intact.

To enhance the stability of the adlayer on the one hand, to
position the active functionality away from the graphene
substrate and to control the orientation relative to the surface
on the other hand, Mann et al. have developed multivalent
binding motifs interacting with graphene surface through
three "feet” (Figure 6b).95’96
based on pyrene,
groups linked to a tetrahedral core functionalized with redox-

The tripodal binding motifs are
phenanthrene or naphthalene binding

active moieties. It was shown by cyclic voltammetry via an
analysis of electron-transfer kinetics that these tripods adopt
an upright orientation, whereas monopodal molecules tend to
lie flat. Moreover, the binding characteristics in terms of
stability are governed by the total footprint of the tripod
structure.

The this
demonstrated by functionalizing a pyrene-based tripod with an

importance of multipodal approach was
antibody (anti-E. coli antibody) in view of graphene-based

biosensors.”’ The tripod molecule incorporates an N-
hydroxysuccinimidyl (NHS) ester to allow the bioconjugation. It
was shown that the antibody activity and specificity are
retained when immobilized onto this tripodal structure in
comparison to the attachment to a monovalent binding group.
More recently, the tripodal strategy was applied to graphene

oxide (GO) which consists of oxidized hydrophilic regions and
graphitic hydrophobic regions.98 It is well known that the latter
regions disrupt protein structure and quench the emission of
fluorophores. To evidence the contribution of the tripodal
strategy, the previous tripod which adsorbs on graphitic
regions, was biofunctionalized with an enzyme (serine
protease enzyme chymotrypsin). It was demonstrated that the
enzyme activity is preserved whereas unmodified GO strongly
inhibits the enzyme and induces structural changes. More
generally, this result shows the interplay of interactions
between proteins and the GO surface. In the same way, a
fluorescent dye was immobilized onto the tripod without
significant fluorescence quenching demonstrating the effective

decoupling in the graphitic domains.
d) Controlling the self-assembly of “functional tectons”

As earlier discussed in the previous section 2., a popular
molecular species used for 2D-systems on graphenoid
substrates is the phthalocyanine (Pc) and porphyrin (Por)
family. Given their ability to form highly-ordered, long range

99-100

2D-monolayers a wide range of examples of such systems

1
have been

reported with double-decker complexesw

alternating single/double Pc systemswo

and metal-ligand
interactions. Up until now, significant research has been
developed towards the preparation and analysis of the
photophysical properties of Pc/Por graphene

nanostructures,’®® but there is still a lack of significant

and

synthetic developments towards the controllable organization
of long-range Pc-graphene arrays and the development of 3D-
surface confined architectures.

A more recently proposed system based on a Janus-tecton
strategy was developed by Du et al., transferring the Janus
based strategy the
functionalization of graphene.105 Having in hand a library of
(see part 2.2b) they studied the
supramolecular self-assembly at a graphene monolayer grown

tecton towards non-covalent

functional 3D tectons
by CVD on a polycrystalline copper foil. It was evidenced by
STM at the liquid/solid interface that the tectons form well-
ordered 2D adlayers incorporating 3D nanostructures. The
most important result demonstrated was, that whatever the
upper-level functional unit, the lattice parameters remain the
same and correspond to the same lattice formed on HOPG.
Therefore, Janus tectons can constitute a versatile molecular
platform that is able to form surface-confined supramolecular
adlayers in which it is possible to simultaneously steer the 2D
self-assembly on graphene and tailor the external interface
away from the substrate by introducing a wide variety of
functional moieties.

by using this approach,
demonstrated the first fluorescent supramolecular

Recently, Le Liepvre et al.
self-
assembly on graphene (figure 7)106. To avoid the quenching of
fluorescence, a 3D tecton (PTCDI-JT) was designed, where a
PTCDI fluorophore is linked to the pedestal by a spacer. The
pedestal should prevent the adsorption of PTCDI on graphene
on the one hand, and form a tunnelling barrier for electrons
expected to
process (Dexter transfer) from the dye to the graphene layer

suppress the electron-exchange quenching

on the other hand. The self-assembly properties of PTCDI-JT on
both HOPG and CVD graphene transferred on mica were
investigated by STM at the liquid/solid interface at room
temperature. A deep analysis, supported by modelling, of the
STM images at the liquid/solid interface indicates that PTCDI-JT
tectons are self-assembled in a regular manner on graphene.
The main result is the recording of a photoluminescence
spectrum of the self-assembled PTCDI-JT on graphene,
whereas no signal is observed for PTCDI adsorbed on this
substrate. Although the fluorescence quantum vyield remains
still low, maybe due to a residual Forster resonance energy
transfer, the authors provide an emissive ‘graphene-adlayer’
system where the quenching by the optics-friendly substrate is
circumvented.

Conclusions

Within this critical review we have summarized the most
representative strategies
functionalization by supramolecular self-assembly, in view of

current used for surface
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potential exploitation for the fabrication of functional nano-
devices (Table 1). We have evidenced that with the surface
patterning being well mastered, surface functionalization has
emerged as a new frontier for supramolecular self-assembly at
surfaces. On usual flat metal surfaces and HOPG, promising
results have been obtained either with supported nanoporous
acting as host capable of
molecular guest recognition or with up-standing 3D functional

networks nanoarchitectures
build-blocks used as intrinsic objects (e.g. SMMs) or for
positioning away the functionality (e.g. rotational motion and
decoupling). More recently, a “new” substrate -graphene-, has
attracted tremendous attention since its non-covalent
functionalization by supramolecular self-assembly represents a
way to either control its electronic properties or provide a new
functionality. Finally, this review has highlighted the necessity
to incorporate complexity in the dimension perpendicular to
the of the

approaches require further research before they become a

surface, regardless substrate. However, all
practical approach and offer many challenges in terms of the
chemical engineering aspect of the molecular building blocks.
To go ahead, some possible developments may include the
following aspects regarding the design of an ’ideal’ 3D
molecular building block: (1) They self-assemble to give
controllable, long-range ordered arrays on large surface areas
with minimal/no defects. (2) These molecular units must
contain a “functionality” that will give novel electronic,
photonic and or chemical properties to the supramolecular
system. This functionality should be “independent” and not
interact or affect in any way the ordering of the self-assembly.
(3) Their functionality is located at an appropriate distance and
the (de-coupled to the

preferentially in a perpendicular orientation to the surface). (4)

position to surface surface,
The surface anchoring group must be mechanically stable,
electronically transparent. (5) The versatility of the synthetic
route should insure that different functional moieties could be
incorporated into the 3D molecular building block. Moreover,
incorporating such 3D functional tecton as guests into host
nanoporous networks should provide a way to enlarge the
applications of these systems.

On the other hand, developing strategies to create new
functionality from the interactions between the individual
components of the self-assembly is another challenge. This can
be achieved e.g. by adsorbing simultaneously 3D tectons
(e.g. donor
acceptor) or by favouring graphene-tecton interactions.

equipped with different functionalities and

The possibility to use as substrates, beside graphene, other

2D materials such as hexagonal boron nitride (h-BN),lm'108 or

109
should also

transition metal dichalcogenides (e.g. MoS,),
offer novel opportunities to create functional structures by
alternating 2D materials and organic adlayers.

Moreover, in relation to the processing of these materials
for device applications, working at liquid-solid interface must
be favoured in order to be compatible with techniques such as
printed organic electronics.

And lastly, to take advantage of the long range ordered 3D
functional tecton positioning, another breakthrough should be

the development of strategies for an efficient parallel

Materials:Horizons

addressing of all the integrated self-assembly present on the
surface instead of the current manipulation of only individual
molecules. This is an important issue for spintronics or
atomically thin electroluminescent devices.
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Minireview
Beyond “decorative” 2D supramolecular self-assembly: strategies towards functional surfaces for Nanotechnology

Lydia Sosa-Vargas, Eunkyoung Kim, and André-Jean Attias*
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Fig. 1 Supramolecular self-assembly process on a substrate. Orientation and aggregation of the adsorbed species relies on the degree of
interaction between molecular units (molecule-molecule) and with the surface (molecule-substrate), forming nanoarchitectures, which can be
further tuned by either structural modification of the molecule or self-assembling procedures.
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2D-molecular surface-confined supramolecular self-assembly “decorative” 2D-arrays
building blocks
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Fig. 2 General overview of the current strategies developed towards surface-confined self-assemblies of 2D building blocks. The molecular
tectons can be finely-tuned to form a wide variety of motifs and patterns in varying degrees of complexity, and be tailored with a specific
substrate in mind. The STM image of multicomponent nanoporous network (top-right) and the schematic molecular model showing the
Kagome structure of the same system (middle-bottom) is adapted from ref 16, whereas the STM image (bottom right) of a host-guest system is

from ref.21.
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Fig. 3 Molecular structure of a double-decker lanthanide phthalocyanine complex (LaPc,), where the top and bottom Pc macrocycles are in a
staggered conformation (a). These types of structures not only provide a convenient way of projecting into the third-dimension (b) but can also
display a functionality as single-molecule magnets when a stimulus is provided (c).
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Fig. 4 Examples of 3D-tectons that permit decoupling from metal substrate: molecular landers (a), cyclophane-type molecules (b), a Janus
tecton (c), the TATA-based platform (d), and coordinated Zn-porphyrin (e).
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p-doping n-doping

Fig. 5 Schematic of the p-type (left) and n-type (right) doping of graphene by means of electron donor (D)or acceptor (A) molecules.
(adapted from Ref. 60 ).
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(b)

Fig. 6 Examples of molecules with an off-plane functionality that can be adsorbed on graphenoid surfaces: a monopodal SMM (a), a tripodal
structure (b).
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hindered at the molecular scale, through a specifically designed 3D-Janus tecton (PTCDI-JT). The photoluminescence spectrum of self-assembly
on graphene (blue) is compared with PTCDI-C13 reference signals in toluene (green), self-assembled on graphene (black), and in the
microcrystal solid state (red). (excitation wavelength at 532 nm). (adapted from ref.106)
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Table 1. Examples of 3D functional tectons that form supramolecular self-assembly into long-range 2D-arrays: main features, current

applications, and future developments
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