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Abstract In this chapter we give an overview of different chemical transformations
that can be done on graphene layers and characterized using scanning tunneling
(STM) and atomic force microscopies (AFM). We place particular emphasis on the
diversity of reactions, systems and synthetic strategies that are now available to
surface scientists working in various fundamental and applied research fields. Using
imine formation as the model reaction we discuss common principles of building
block design and reaction outcomes specific to interfacial synthesis. Then other
reactions are briefly overviewed, including: photo- and electrochemically assisted
processes, transformations initiated by STM, and finally, reactions involving the
covalent modification of graphene layers.

1 Introduction

Chemistry of and on surfaces is of tremendous importance in material and bio
sciences. It will not come as a surprise that surface chemistry takes a special place
in nanoscience and nanotechnology as scaling down increases the surface to vol-
ume ratio. Among other techniques, scanning probe microscopy tools made it
possible to probe surfaces, sometimes at the atomic scale. As these techniques can
be used under ambient conditions or even in liquids, they became attractive to
chemists and material scientists too. This review aims at giving an overview of
molecule-based surface reactivity under ambient conditions or at the liquid-solid
interface, on graphite and graphene. While it’s not the ambition to give a com-
prehensive overview, a range of different surface reactivity concepts are
highlighted.
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Below we outline some of the methodological aspects relevant to the topic of
this chapter and considered when studying chemical reactivity at interfaces.

Substrates

Highly oriented pyrolytic graphite (HOPG) is a widely used substrate in scanning
tunneling microscopy studies. Conductive, chemically inert, with large (up to
hundreds of microns in size) high-quality atomically flat terraces, HOPG is per-
fectly suited for STM studies and represents an ideal platform for the investigation
of various phenomena involving the adsorption on the basal plane (graphene sheets)
of graphite. Supramolecular and covalent chemistry developed on HOPG substrates
can be easily transferred onto other related materials: various types of graphene,
films of reduced graphene oxide, different carbon-based adsorbents (e.g. porous
graphitic carbon—PGC), rendering such studies as highly important for the
development of future sensors [1, 2], electronic devices [3], catalysts [4], etc.

Molecular design

Successful STM imaging requires the localization of molecular species on the
conductive substrate, preferably in the form of monolayers or ultrathin films. It is
quite common to use starting materials that spontaneously form stable monolayers
on surfaces. This is achieved using building blocks with extended aromatic cores
(for p-p interactions with the substrates), long alkyl chains (van der Waals inter-
molecular interactions) or self-complementary hydrogen bonding moieties. In such
cases the reaction can be detected with STM via the difference in the monolayer
structures of starting materials and products (due to different molecular geometries
and intermolecular interactions, see example in Fig. 1).

For the formation of highly ordered films of products strong self-assembly of
starting materials could be a curse since monolayer reconstruction entails over-
coming additional barriers and often results in multiple monolayer defects. A rather
interesting approach is orthogonal building block design in which self-assembly
function and reactivity are sufficiently independent. For example, Zimmt et al. have

Fig. 1 Distinct monolayer structures of starting dialdehyde and two bis-imine products. Adapted
with permission from [5]. Copyright © 2013 American Chemical Society
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designed carboxy-functionalized building blocks suitable for chemical binding with
gold nanoparticles (Fig. 2a, [6]), while the group of Attias has developed a series of
original molecular probes bearing optically, electrochemically, hydrogen-bonding
and metal-coordination active units (Fig. 2b, [7–10]).

Activation methods

Similarly to solution-based syntheses, the chemical reactivity of reagents at inter-
faces can be activated thermally, catalytically (e.g. tuning pH in acid-catalyzed
reaction), photo- or electrochemically. The exact activation method depends on the
reaction and often defines the preferred synthetic setup: type of solvent, tempera-
ture, work-up, etc. For example, aqueous electrolytes are typically used in elec-
trochemical (EC-STM) experiments, while on-surface syntheses of boroxine and
imine polymers can involve solvent-free conditions and delivery of reagents (e.g.
water [11], aldehyde [12]) in the form of vapors from the gas phase.

Unique to SPM studies is the use of SPM tips for localized mechanochemical
and/or electrical activation of reactants. Such activation is often fully compatible
with SPM measurements, and allows nanoscale manipulation and testing of surface
structures (Sects. 5, 6 and 7).

Characterization

Scanning tunneling microscopy is a powerful technique for nanoscale structural
characterization of conductive surfaces and monolayers adsorbed on them. In
studying chemical reactions, STM can provide accurate (typical uncertain-
ties ±0.1 nm) values for unit cells and, in the case of polymers, the length of repeat
units. Together with complementary data from DFT modelling or known X-ray
structure, the STM measurements can serve as a support of the intended chemical
transformation. Adsorbate morphology can be obtained from atomic force micro-
scopy (AFM) or scanning electron microscopy (SEM, e.g. 2.1 Fig. 9) investigation
of dry films.

Cu2+ Cu2+

(a)

(b)

Fig. 2 Examples of building block designs in which self-assembly and reactive functionalities do
not interfere with each other. a adapted from [6], copyright © 2012, with permission from Elsevier.
b adapted with permission from [7, 10]. For [10] copyright © 2016 American Chemical Society,
for [7] copyright © 2014 Wiley-VCH Verlag GmbH & Co. KGaA
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Unfortunately, except for special cases of STM markers [13]—functional groups
that have high specific STM contrast and can be used to characterize mixtures of
structurally related ‘marked’ and ‘unmarked’ molecules [14, 15], STM cannot
provide detailed information about the chemical nature of the imaged adsorbates.
That is why it is desirable and often mandatory to perform complementary char-
acterization. This could be classical solution techniques, e.g. NMR, provided that
there is sufficient amount of material for the analysis [16]. Otherwise, dedicated
surface techniques are particularly convenient. Thus, X-ray photoelectron spec-
troscopy (XPS) has been used to follow formation of polyboroxines [17] and
polyimines (Fig. 3a, [18]). Another interesting example is the application of laser
desorption/ionization time-of-flight mass-spectrometry (LDI-TOF) and its
matrix-assisted modification (MALDI-TOF) for successful characterization of
chemical changes in physisorbed monolayers (Fig. 3b, [19]).

2 Chemical Reactivity

Since the formation of imines is by far the most studied organic reaction on HOPG,
we discuss it in details (Sect. 2.1) covering general aspects pertinent to many other
interfacial reactions, and only then provide an overview of other reactions that have
been tested (Sect. 2.2).

Fig. 3 Examples of STM-complementary characterizations using: a XPS in the synthesis of
imine-based 2D COFs [18]—published by The Royal Society of Chemistry. b LDI-TOF in the
chemical transformation of a carboxylic building block. Adapted with permission from [19].
Copyright © 2017 American Chemical Society
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2.1 Synthesis of Imines

Geometry of the building blocks

Basic concepts of supramolecular design that relies on the reversible formation of
non-covalent interactions are also applicable to the design of new covalent archi-
tectures especially when the synthesis occurs with the reversible formation of new
covalent bonds and the designed architecture represents the most stable state
(thermodynamic control). Formation of imines can be reversible in a number of
different regimes: (1) in aqueous solutions with carefully controlled optimal pH
range, (2) at high temperatures in solid state in the presence of water vapors (often
using CuSO4�5H2O as a source of water), (3) in certain organic solvents at room or
slightly elevated temperatures. Thus, a variety of 1D polymers and 2D covalent
organic frameworks (2D COFs) have been formed from suitably functionalized di-,
tri- and tetra-substituted building blocks (e.g. Figure 4). If one of the building
blocks is a monoaldehyde or monoamine then the product of condensation is a
small molecule (Fig. 1, [5, 20]).

Single C–C bonds around imine links are free to rotate, during synthesis such
rotations lead to connectivity mismatches and network deformations (defects).

Fig. 4 Examples of the topological design of various imine-based polymeric structures. Adapted
from [21], with the permission of AIP Publishing
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While every imine COF has defects, their surface density is a function of synthetic
protocol (e.g. thermal annealing in the presence of water vapors often allows to
overcome energy barriers and improve the quality of polymeric structures [12]) and
rigidity of the building blocks (see Fig. 5 and other examples in [22–24]).

Above we have seen how small variations in molecular geometry (rotational
disorder along C–C bonds) results in significant changes to the structure of reaction
products. Larger changes to the building block structure may have drastic out-
comes. Thus, very recently, Wang et al. demonstrated that non-planar triamine
reacts with dialdehydes at gas-solid interface forming exclusively 1:3 adducts
(Fig. 6a, [25]). Varying the concentration, ratio and temperature (up to 200 °C)
yielded the same adducts, without formation of any other oligomeric or polymeric
products. The authors proposed that the rigid tripod geometry restrains the acces-
sibility of terminal groups for further reactions.

Stoichiometry of reagents

Stoichiometry of reagents in solution can affect various interfacial processes. An
interesting example is a kinetically controlled formation of 2:1 diamine:dialdehyde
non-covalent co-assembly (Fig. 6b) at room temperature at liquid-solid interface [26].
Such transient structure (life period <2 h) formed only if the diamine:dialdehyde ratio

Fig. 5 Longer biphenylene linker results in a larger number of different defects in 2D COF
compared to shorter p-phenylene, which forms highly crystalline COF uniform rhomboidal pores.
Adapted with permission from [22]. Copyright © 2015 American Chemical Society
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in solution was equal or lower than 1:1. At 3:1 stoichiometry in solution only 1D
polymeric structures were observed on the surface.

Stoichiometry of reagents is also an important parameter in any bi-component
reaction. Any large deviation from the ideal stoichiometry should have a negative
impact on the yield and degree of polymerization—ultimately resulting in the
formation of small functional molecules (e.g. in the reaction of a triamine A and
dialdehyde B large excess of B should yield new trialdehyde AB3—analogous to
the one in Fig. 6a, while large excess of A should furnish new tetraamine A2B).
Indeed such structural variations and strong dependency of the product composition
on the stoichiometry of reagents were observed in surface-supported imine syn-
thesis on Au (111) in ultra-high vacuum (UHV) [27]. In majority of the reported
imine polymerizations on HOPG however, so strong influence of reagents stoi-
chiometry was not detected. To understand this difference in behavior we should
consider the following factors:

• stronger than on HOPG substrate-molecule interactions on Au(111) result in
lower on-surface mobility of adsorbed precursors and small oligomers;

• UHV precludes normal pathway (i.e. hydrolysis by dissolved or vaporized
water) for reversible formation/braking of imine bonds;

• in the case of reaction at liquid-solid interface there is also additional possibility
for preferential adsorption of larger oligomers.

All of them render the abovementioned imine formation in UHV essentially
irreversible and strongly dependent on the initial state (stoichiometry, on-surface
distribution of precursors); while typical reactions on HOPG are done under
reversible conditions, when polymerization is energetically favorable and once
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Fig. 6 Examples of: a a thermodynamically stable self-assembly of AB3 adduct. Adapted with
permission from [25]. Copyright © 2017 Royal Society of Chemistry. b metastable non-covalent
co-assembly of a diamine and a dialdehyde. Adapted with permission from [26]. Copyright ©
2017 American Chemical Society. c The controlled nucleation of 2D COF via a gradual
introduction of one of the coupling components versus d multiple nucleation sites generated upon
heating stoichiometric mixtures of both components. Adapted with permission from [12].
Copyright © 2013 American Chemical Society
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reaction began it is thermodynamically driven towards large oligomers and
polymers.

Stoichiometry of reagents can be intentionally varied during synthesis. Thus,
Wan et al., have shown that gradual evaporation of the second component into the
excess of the first component already adsorbed on HOPG results in much higher
quality COFs than those obtained from direct heating HOPG with mixture of both
components [12]. Here, the slow introduction of the second component limits the
number of COF nuclei on the surface (Fig. 3c, d) yielding larger domains with
fewer interdomain borders and internal defects.

Side-functionality of the building blocks

Introduction of functional side-groups can result in major alternation of precursor
reactivity or properties of the final product. Thus, introduction of phenolic OH
group into imine polymers has been shown (depending on the structure of the
building blocks and substitution pattern) to lead to unusual aggregation behavior
[28], improved chemical stability (Fig. 7a, [29]) or even alter the chemical nature of
the COF through additional chemical transformations (Fig. 7b, [30]).

Dynamic combinatorial chemistry

In the pioneering work by Samori et al. competitive reactivity of aliphatic diamines
with a substituted benzaldehyde in the presence of HOPG was investigated [31].
The authors have shown that thermodynamically less stable self-assembly of
bis-imine formed from a short diamine upon addition of longer diamine into the
liquid phase undergoes quick trans-imination yielding a more stable self-assembly
of bis-imine formed from the longer diamine (Fig. 8a). This simple concept of
directing chemical synthesis via preferential adsorption of one of the possible
products is very appealing. Unfortunately, so far other systems have shown much

(a)

(b)

Fig. 7 Improved stability a and post-synthetic transformation b of OH-functionalized imine 2D
COFs. a adapted with permission from [29]. Copyright © 2017 Royal Society of Chemistry.
b adapted with permission from [30]. Copyright © 2015 Royal Society of Chemistry
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more complex behavior (Fig. 8b, [32]) when the competition for the surface occurs
not only with other reaction products but also with starting material and the
selectivity in singling out one of the reaction products is unsatisfactory [16].
Interestingly, in the latter work strong heterogeneous catalysis of imine reactions
even for the reaction of weakly adsorbing terephthalic aldehyde and 3,5-bis
(tert-butyl)aniline was observed. Currently we investigate if adsorbents (PGC, SiO2,
etc.) can serve as general catalysts of other reactions besides formation of imines.

Formation of multilayers and thin films

Non-homogeneous deposition of precursors will result in heterogeneous polymeric
films with varied thickness throughout the surface. Lei et al. developed a general
and convenient methodology for the optimization of room temperature polymer-
izations at liquid-solid interface in which, keeping the ratios amine:aldehyde fixed,
the total concentration is carefully tuned for optimal polymer quality [33]. Using
high total concentrations it was also possible to grow multilayers.

We have already mentioned the formation of highly ordered COF monolayer
from substituted tetrathiafulvalene (TTF) tetraaldehyde and p-phenylenediamine
(Fig. 5). Surprisingly growth of the second layer appears to be templated by the first
and results in eclipsed stacking. Stacking was the result of strong and specific p-p
interactions between TTF cores, as convincingly demonstrated by spontaneous
self-assembly of unsubstituted TTF on top of TTF sites of the COF monolayer [36].
The authors have noticed that the quality of the bilayer was higher if the poly-
merization was done in a stepwise fashion, otherwise monomer stacking and
polymerization occur simultaneously leading to much more disordered COF films.

The morphology of the polymeric films also depends on the deposition method
itself. Kunitake et al. have demonstrated that, unlike gas phase deposition leading to
uniform films, deposition from liquid phase (pH-controlled synthesis in aqueous
solutions) yields sponge-like structures (Fig. 9a, [34, 37]).

Finally, it should be mentioned that micropatterns of polymeric films can be
deposited on any arbitrary substrate using lithographically controlled wetting or
conventional ink-jet printing (Fig. 9b, [35]).
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Fig. 8 Examples of dynamic covalent chemistry directed by preferential adsorption. b adapted
from [32], copyright © 2017, with permission from Elsevier
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2.2 Other Reactions

One of the simplest chemical transformation is protonation. Li et al. have shown
that addition of strong acids (HNO3, CH3SO3H, CF3SO3H) greatly accelerates the
self-assembly of neutral di-pyridyl building blocks with protonated intermediates
acting as active species directing on-surface self-assembly [38]. Formation of
copper salt linkers was used for nanopatterned assembly of functionalized gold
nanoparticles on top of strongly physisorbed monolayers on graphite (Fig. 2a, [6]).

In many aspects metal coordination is similar to protonation. In situ generation
of potassium coordination complexes at HOPG-solution interface was demonstrated
for valinomycin (Fig. 10a, [39]), G4 quartets of 9-(n-octadecyl)guanine (Fig. 10b,
[40]) and tetraethylene glycol derivative (mimicking the complexation of crown
ethers, Fig. 10c, [41]).

Various nitrogen-containing building blocks have also been explored to create
surface nanopatterns of ‘0D’ metal complexes [45], to template the nucleation of
metallic nanoparticles (Fig. 10d, [42]), to synthesize 1D coordination polymers
(Fig. 10e, [43]) and 2D metal-organic frameworks (MOFs, Fig. 10f, [44]).

Procedure-wise one of the simplest organic transformations are thermally
induced intramolecular isomerizations. Heating is all that is necessary to consider.
An interesting example of such isomerizations is tandem Claisen-Hiratani rear-
rangement—a [3]-sigmatropic rearrangement in which an allyl aryl ether is
converted thermally to allylphenoles forming new C–C bond [46–48].

(a) (b)

N
N

N
n

XL

-L- X 
(1) & (2):     -CH=CH- -OH
(3):               -CH=CH- -H 
(4) & (5):     -CH2CH2- -OH
(6):                     -O- -OH

(1) (2) (3)

(4) (5) (6)

Fig. 9 Examples of a different growth and b lithographic deposition of polymeric films. a adapted
from [34], copyright © 2013, with permission from Elsevier. b adapted with permission from [35].
Copyright © 2015 Wiley-VCH Verlag GmbH & Co. KGaA
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Analogues to imine formation, C=C condensation of an aromatic dialdehyde and
barbituric acid (Knoevenagel reaction) was investigated at liquid/HOPG and vapor/
HOPG interfaces [49]. Here STM was successfully used for quantitative analysis of
on-surface distribution of reaction products.

Also the synthesis of 2D COFs on carbon-based surfaces is not limited to imines
only. A very popular reaction for the synthesis of surface-supported COFs is the
formation of boroxines from different boronic acids (Fig. 11a, [17, 50, 53]). An
interesting development is the use of boroxine acid esters for in situ hydrolysis and
polymerization [11]. Thin films via bi-component condensations of boronic acids
and hexahydroxytriphenylene (HHTP) were first prepared as early as 2011 [54], but
only very recently formation of monolayer films of such 2D-COFs demonstrated to
take place under mild conditions at liquid-solid interface (Fig. 11b, [51, 55]).
Finally, it is possible to ‘marry’ different polymerization chemistries: 3- and
4-formylphenylboronic acids react with a triamine building block forming isomeric
imine-boroxine hybrid 2D COFs (Fig. 11c, [52]).

3 Photochemical Reactivity

Presence of azobenzene moieties in derivatives is the calling card of a photo-
switching functionality anticipated in the design. Indeed, cis-trans isomerization of
N=N bond in azobenzenes is a well-defined process free from any side-reaction or
degradation. For example isophthalic acid derivative were shown to form stable
self-assembly that upon irradiation undergo reversible isomerization [56, 57]. The

HAuCl4
N

aBH
4

N

NH N

HN

Hex

Hex

N N + CoCl2

(a) (b) (d) (e) (f)

K+

18-crown-6

(c)

Fig. 10 Formation of coordination complexes at HOPG-solution interface.
a Potassium-valinomycin as guest inside a macrocycle. Adapted from [39] with permission of
The Royal Society of Chemistry. Copyright © 2013 Royal Society of Chemistry. b dynamic
assembly-reassembly of substituted G4 quartets [40]. c Nanoscale actuation of oligoether
‘springs’. Adapted from [41] with permission of The Royal Society of Chemistry. Copyright ©
2014 Royal Society of Chemistry. d Pre-concentration of Au3+ with subsequent templated
reduction to Au nanoparticles. Adapted from [42] with permission of The Royal Society of
Chemistry. Copyright © 2015 Royal Society of Chemistry. e On-surface synthesis/self-assembly
of 1D (adapted with permission from [43]; copyright © 2015 American Chemical Society) and 2D
(adapted from [44] with permission of The Royal Society of Chemistry; copyright © 2014 Royal
Society of Chemistry) metalorganic supramolecular polymers
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assemblies of corresponding cis- isomers have different structure and lower stability
compared to trans-. The latter is due to non-planarity of cis-azobenzene resulting in
less efficient substrate molecule interaction. Alternative designs (Fig. 12a) when
cis-trans isomerization is occurring on azobenzene units pointing away from the
surface into the solution phase were also realized [58, 59].

More complex supramolecular architectures were also tested. Thus, exploring
the host-guest concept, assemblies of photoactive host (Fig. 12b, [60, 63]) and
guest (Fig. 12c, [61, 64]) were studied. In the former example photoisomerization
was demonstrated to influence surface adsorption of a small molecular probe
(coronene), while the latter example illustrated variability and responsiveness of the
flexible host network to differently shaped isomeric guests. Exploring formation
of supramolecular polymers, Yamauchi et al. demonstrated phototriggered
supramolecular polymerization of a naphthalene-azobenzene dyad [62]. Here
cis-trans photoisomerization allowed to produce shorter polymeric fibers with
narrower polydispersity compared to those generated by thermal polymerization
(Fig. 12d).

Stilbene moiety, being structurally similar to azobenzene can also undergo
cis-trans photo-isomerization. In dilute solutions this is a typical outcome of pho-
toirraditation of various building blocks with olefinic C=C bonds. However, in
dense assemblies (on surface or in crystals), reactions can go further and produce
covalent dimers (e.g. Fig. 13a, [65, 66]). Such transformations are often
topochemical. The required close proximity and proper orientation of reacting
bonds can be achieved through supramolecular design, e.g.: for efficient on-surface
photocoupling supramolecular dimers of 1,2-bis(4-pyridyl)ethylene (BPE) bound
by two isophthalic acid molecules were confined in a porous self-assembly on
HOPG surface (Fig. 13b, [67]).

Photodimerizations can involve reconstruction of multiple bonds as in the
photodimerization of anthracenes (Fig. 13c, [68]) or arylethenes (Fig. 13d, [69–
71]) and in the metal-free on-surface photochemical homocoupling of
4-ethynylbenzoic acid (Fig. 13e, [72]).
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Fig. 11 Boronic acid based 2D COFs on HOPG via a dehydration of boronic acids into
boroxines, b polycondensation of diboronic acids and hexahydroxytriphenylene (HHTP),
c simultaneous formation of boroxine and imine linkages from the reaction of bifunctional
building blocks. a adapted with permission from [50]. Copyright © 2012 American Chemical
Society. b adapted from [51] with permission of The Royal Society of Chemistry. Copyright ©
2016 Royal Society of Chemistry. c adapted from [52] with permission of The Royal Society of
Chemistry. Copyright © 2017 Royal Society of Chemistry
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Going beyond the formation of small molecules, it is possible to design
1,3-diacetylene building blocks that undergo topochemical photopolymerization
when assembled on graphite [56]. Building blocks with one diacetylene unit pro-
duce 1D polymeric chains (Fig. 14a), while introduction of two or more reactive
units upon exhaustive photopolymerization can furnish non-porous 2D COFs
(Fig. 14b, [73]). In the latter example formation of polydiacetylene and poly-
acetylene chains was assumed. Zimmt et al. demonstrated that 1,3-diacetylene units
are also powerful supramolecular synthons (Fig. 14c, [74]), that, together with the
possibility of photopolymerization (Fig. 14d, [75]), makes them very interesting for
versatile surface nanopatterning.

Combination of azobenzene and diacetylene units within one building block
resulted in reach photochemical behavior of on-surface assemblies [77]. Depending
on the irradiation wavelength, diacetylene polymerization (m = 254 nm) or rever-
sible trans-cis (m = 365 nm)/cis-trans (m = 435 nm) isomerizations of azobenzene
cores can be triggered (Fig. 14e).

4 Electrochemical Reactivity

Good chemical stability and electrical conductivity of graphene sheets makes
carbon-based electrodes (HOPG, graphitic rods, glassy-carbon, graphene on dif-
ferent supports, etc.) interesting for various electrochemical (EC) transformations.

Both inorganic [78] and organic nanostructures [79] on surfaces can be directly
prepared by electrochemical synthesis. Supramolecular monolayers bearing
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Fig. 12 The application of azobenzene units in a structural phototransformations of physisorbed
monolayers, b the release/adsorption of guests; c tuning supramolecular network of the host in
response to photoisomerization of the guest; d controlling the growth and morphology of
nanofibers. a adapted with permission from [59]—published by the PCCP Owner Societies.
b adapted with permission from [60]. copyright © 2013 Wiley-VCH Verlag GmbH & Co. KGaA.
c adapted with permission from [61]; copyright © 2009 American Chemical Society. d adapted
with permission from [62]; copyright © 2017 The Chemical Society of Japan
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one half of the designed unit cell (23/2 nm)
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interface in [68] and [69–71], respectively; e photoinitiated metal-free oxidative coupling of
acetylenes. a adapted with permission from [65]; copyright © 2014 American Chemical Society.
e adapted with permission from [72]; copyright © 2016 American Chemical Society
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electrochemically active groups (Fig. 15a, [80]) can be prepared by conventional
self-assembly from solution and characterized using STM (structure) and cyclic
voltammetry (CV, electrochemical properties).

The electrochemical STM (EC-STM, Fig. 15b) on atomically flat substrates
(HOPG, graphene) is particularly suitable for structural characterization of inter-
facial redox processes. For example, recently we have reported in situ generation
and nanoscale characterization of dicationic, monocationic and neutral assemblies
of dibenzylviologen (Fig. 15c, [81]). Another recent example is the EC-STM sur-
face characterization in a study of electrocatalytic activity of porphyrins adsorbed
on graphene/Au(111) (Fig. 15d, [82]).

5 Tip-Induced Reactivity

Besides powerful imaging, scanning probe microscopies are also capable of
nanoscale modification of on-surface structures. In STM, the tip can locally modify
the matter because of microscopic dimensions (mechanical actuation, also possible
for AFM), large 107–108 V/cm2 electric field (electrostatic polarization), high
current densities (electronic excitation), local heating or any combination of men-
tioned pathways. Often the exact origin of tip-induced changes is hard to determine
and can only be guessed from the chemical nature of on-surface structures and type
of nanoscale modifications.

Changes can be limited to non-covalent interactions in physisorbed assemblies,
e.g.: (a) movement of single C60 molecules between the pores of a host network
(Fig. 16a, [83]); (b) shattering a large domain of a supramolecular assembly into
many smaller ones (Fig. 16b, [15]); (c) using electrical pulse to trigger formation of

N

N
H

N
H
N

O

HN C12H25

Fe

N + + N

DBV0

DBV •+

DBV2+

(a) (b) (c) (d)

Fig. 15 a CV and STM of self-assembled porphyrin functionalized with electrochemically-active
ferrocene moieties [80]. EC-STM operational scheme (b, [81]) and application for in situ
generation of reduced viologens (c, [81]) and probing the catalytic activity of porphyrins on
graphene (d, [82]). [80]—published by The Royal Society of Chemistry. [81]—published by The
Royal Society of Chemistry. c adapted from [82] with permission of The Royal Society of
Chemistry. Copyright © 2017 Royal Society of Chemistry
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a metastable polymorph (Fig. 16c, [84]); (d) lithographic patterning of a
supramolecular host-guest multilayer (Fig. 16d, [85]).

Chemical reactions onHOPG surface are also possible. STM imaging at−800 mV
was sufficient for sporadic reduction of Mn(III) porphyrins to Mn(II) states and
characterization of different oxygenated species thereof (Fig. 17a, [86]). An example
of much more precise tip-induced reaction is [2+2]-oligomerization of C60 by electric
pulses through its tri-and tetralayers. Nakaya et al. demonstrated unprecedented
control over writing (polymerization) and erasing (depolymerization) of nanoscale
structures (Fig. 17b, [87]), promoting such systems for >Tbits/in2 aerial density
non-volatile storages that can potentially be scaled to writing and erasing speed above
Mbits/s or even Gbits/s.

1D polymerizations can be initiated by electrical pulsing over diacetylene
self-assembly [88]. The reaction is highly localized allowing initiation of specific
diacetylene rows. Monolayer defects interrupt polymerization, while presence of
suitable molecules (phthalocyanine [89], C60 [90]) on the way of reactive chain end
results in ‘molecular soldering’: covalent C–C coupling of small molecules and
polymeric ‘wire’ (Fig. 18a). Finally, the layers of boroxine 2DCOF and its host-guest
co-assembly with C60 were tailor-cut using STM lithography (Fig. 18b, c, [91]).
The mechanism is not known, presumably the cutting happens via the oxidation of
C-B bonds.

(a) (b) (c) (d)

Fig. 16 STM manipulations that do not involve making/braking of covalent bonds: a physical
displacement of single molecules [83]; pulse-induced desorption-readsorption of many molecules
that leads to the formation of the same (b, [15]) or polymorphic (c, [84]) assemblies; d local
removal of a supramolecular multilayered films [85]. a adapted with permission from [83];
copyright © 2017 The Chemical Society of Japan. b adapted with permission from [15]. Copyright
© 2016 Nature Publishing Group. c adapted from [84] with permission of The Royal Society of
Chemistry. d adapted from [85] with permission of The Royal Society of Chemistry
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6 Graphene Manipulation and Grafting

Graphene is not completely inert and under certain conditions can undergo
chemical reactions. High temperature (� 400 °C, e.g. [92]) or oxygen plasma
oxidation [93] of HOPG in air results in random pits on the surface. Much better
control over the size and localization of surface pits can be achieved via the spa-
tially patterned ion-bombardment Fig. 19a, [94]). Pits in graphite were used as 2D
corrals for studies of molecular self-assembly [95] and even for confined poly-
merization of diacetylenes (Fig. 19b, [96]). If the oxidation is performed on

(a) (b)

Fig. 17 STM in a the investigation of redox chemistry of Mn(111) porphyrin [86]; and b in
reliable, spatially localized and precise oligomerization of C60 molecules in multilayered films
[87]. a adapted with permission from [86]. Copyright © 2013 Nature Publishing Group. b adapted
with permission from [87]. Copyright © 2016 The Japan Society of Applied Physics

(a) (b) (c)

Fig. 18 STM manipulations involving reconstruction of covalent bonds: a pulse-induced
polymerization of diacetylene assemblies can be used to covalently ‘solder’ polydiacetylene
‘wires’ to physisorbed molecules of C60 [90]; continuous scanning under appropriate tunneling
settings was used to locally scratch boroxine 2D COF layers c and its host-guest assemblies with
C60 [91]. a adapted with permission from [90]; copyright © 2014 American Chemical Society. b,
c were adapted from [91] with permission from The Royal Society of Chemistry
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surfaces pre-covered with patterned assemblies of other materials (nanoparticles
[97], wires [98], polymers [99], DNA assemblies [100], for more examples please
refer to the recent review [101]) the latter act as lithographic masks producing
corresponding patterns in graphene layers. Also, STM can be used to rip and fold
small parts of graphene sheets (e.g. by 7 V voltage ramp with sequential scanning,
Fig. 19c, [102]) or to lithographically burn-out arbitrary shapes with nm precision
(by continuous scanning in air with bias � +2 V, Fig. 19d, [103, 104]).

Grafting-covalent functionalization of graphene layers via partial conversion of
sp2 carbons to sp3—is very interesting for various applications. Here we will talk
exclusively about radical arylation using aryldiazonium precursors. This is because it
is one of the most versatile (easy accessibility of starting anilines) and method-
ologically developed graphene functionalizations. Nevertheless, the discussed design
concepts, preparation strategies and SPM characterization should be also applicable
to other grafting chemistries (carbenes, nitrenes, Diels-Alder adducts, etc. [105]).

Grafting chemistry is quite simple: aryldiazonium cations through one-electron
reduction (usually electrochemical [106], although using reductants is also possible
[107]) transform into corresponding aryl-radicals which are sufficiently reactive to
attack accessible graphene surface. For characterization it is important to use
combination of complementary techniques, e.g.:

• Raman spectroscopy to assess global uniformity of grafting (also for rough
estimation of the grafting density);

(a) (b) (c) (d)

Fig. 19 a Advanced patterned oxidation of graphitic substrates [94]. b The use of corrals in
HOPG for the confinement of tip-induced polymerization of diacetylene assemblies [96]. Direct
exfoliation (c, [102]) and oxidative etching (d, [103]) of graphene layers with STM tip. a adapted
with permission from [94]; copyright © 2006 IOP Publishing Ltd. b adapted with permission from
[96]; copyright © 2005 American Chemical Society. c adapted from [102] with permission from
the PCCP Owner Societies, copyright © 2017. d adapted with permission from [103]; copyright ©
2017 Wiley-VCH Verlag GmbH & Co. KGaA
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• AFM to determine film thickness (via mechanical scratching of grafted film),
morphology and roughness;

• STM to prove nanoscale arrangement of grafted species, to distinguish them
from physisorbed impurities and for spatially controlled degrafting (see below);

• XPS to prove chemical nature/integrity of functional groups (after grafting or
any subsequent treatment of the grafts).

In STM, grafted aryls appear as bright blobs (brighter than physisorbed benzene
derivatives [108, 109]) and covalent attachment to the surface underneath can be
seen from characteristic local perturbation of graphene lattice (Fig. 20a). Thickness
of the grafted adlayer primarily depends on the aryl structure: aryl radicals with
3-, 4-, 5-positions blocked to radical attack form well-defined non-dendritic grafts
[110]. Grafting density can be easily tuned by changing grafting conditions
(Fig. 20b), approaching the maximum at *2–4 grafts/nm2. Substituents can be
varied widely including among the most unusual examples: directly graftable
diazonium salts bearing free-radical moieties (Fig. 20c, [111]), metal complexes
(Fig. 20d, [112]) and phosphomolybdate clusters (Fig. 20e, [113]). If necessary,
functional groups on grafted aryls can be further modified by adapting surface
functionalization protocols developed for organic synthesis on solid supports. Such
advanced functionalization has already been successfully used for the design of
various sensors [114].

Water soluble diazonium salts can be grafted from aqueous solutions (often
using dilute HCl as supporting electrolyte). Water-insoluble precursors can be
electrochemically grafted from organic solvents (e.g. acetonitrile, tetrahydrofuran,
etc.) containing quaternary ammonium salts as supporting electrolytes. Very
recently Ejigu et al. have shown that using DMSO as solvent and CsClO4 as
electrolyte results in simultaneous grafting and exfoliation of graphene layers [115].

Molecular adsorbates can affect grafting in two ways: by preventing the grafting
of graphene lattice directly underneath the molecules, and by directing the nanos-
tructured functionalization of self-assembly defects and interdomain borders
(Fig. 21a, b, [108]). Here, n-pentacontane was chosen as the molecular adsorbate
because of high chemical inertness (typical for all linear alkanes) and its strong
adsorption. The latter ensured that reactive species, by- and side-products will not
displace the molecular template. Using derivatives capable of ordered self-assembly
(Fig. 20d) opens new possibilities for nanostructured surface functionalization
during direct grafting [112] or through pre-assembly of diazonium precursor
(Fig. 21c, [116]). In the last two examples it is unfortunate that STM was not used
to prove the covalent nature of the observed structures and to assess the density/
arrangement of molecules that are actually grafted.

Different nanostructured grafting should be accessible via soft lithography using
nanoparticle assemblies as templates. While there is yet no example on
graphene-based substrates, the same Ru complex (Fig. 20d) was reduced onto ITO
pre-covered with a colloidal self-assembly of polystyrene beads [112]. After the
removal of templates patterned thin film with circular nanowells (periodic-
ity *1 µm, diameter *350 nm) was successfully prepared (Fig. 22a).

Reactivity on and of Graphene Layers: Scanning … 53



Nanoporous (35–200 nm) patterns (Fig. 22b) were also reported when combining
the grafting and electrochemical etching of HOPG surface [117]. Performing +0.8
to −0.8 V CV cycles at 20 mV/s scan rate in 0.5, 2 or 5 M HCl solutions con-
taining 4-carboxyphenyldiazonium salt, Cui et al. observed gradual increase of the
dimension of the etched pores.

(a)

(b)

(c)

Fig. 21 Molecular self-assembly and covalent grafting: a the protection of graphene layers from
the attack of aryl radicals by physisorbed self-assembly of n-pentacontane (nPC, n-C50H102) and
b nanostructured grafting as the result of covalent grafting of HOPG surface at the defects and
interdomain borders of nPC monolayer [108]. Preorganization of diazonium salts via on surface
self-assembly leads to nanostructured grafting that follows the pattern of precursor self-assembly,
while the direct grafting in organic solvent (without the self-assembly step) results in random
grafting of the surface [116]. a, b were adapted from [108] with permission from The Royal
Society of Chemistry. c adapted with permission from [116]; copyright © 2016 American
Chemical Society
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(c) (e)

Fig. 20 Functionalization of graphene layers via covalent grafting of aryls: a distortion of
graphene lattice in the vicinity of the graft as the evidence of the covalent nature of graft
attachment (inset shows 2D FFT of the distorted lattice) [110]; b altering grafting conditions
allows controlled tuning of the grafting density [110]. Some of the most unusual grafts feature: c a
stable free radical [111]; d a metalorganic complex [112]; e a phosphomolybdate cluster [113]. a,
b adapted with permission from [110]; copyright © 2015 American Chemical Society. e adapted
with permission from [113]; copyright © 2016 American Chemical Society
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Grafted adlayers can be used to tune on-surface self-assembly. Electrodeposition
of gold nanostructures on pristine HOPG substrate primarily occur at step-edges
[78] while NH2-functionalized grafted adlayer promotes uniform deposition of Au
nanoparticles on top of it [118].

Examples of molecular self-assemblies on arylated HOPG are also known. For
such studies the ability of STM tip to degraft covalently attached aryls selectively,
under very mild conditions and with nanoscale precision opened new exciting
possibilities that are only beginning to be explored. Thus, local removal of grafted
species allows to direct and study ripening of 2D crystals that were kinetically
trapped in the framework of a low-density grafted adlayer (Fig. 23a, b, [109]).
Manually degrafted corrals can be used to localize supramolecular assemblies
(Fig. 23c–e, g, [110, 120]). And finally, such corrals can be used as nanoreactors
with controlled shape, size and chemical functionality. For example, we have
already demonstrated the use of such corrals for self-assembly of in situ generated
EC-active species under full electrochemical control [81], and for the investigation
of tip-induced and photochemical polymerization of diacetylenes under nanocon-
finement (Fig. 23f, h, [119]).

7 Summary and Conclusions

In this contribution, we have summarized a variety of molecule-based surface
chemistry approaches on graphene and graphite. Several of the chemistries rely on
the formation of well-ordered monolayers that undergo a postfunctionalization, be it
orthogonal to the surface or in the monolayer plane. Nowadays, the formation of
two-dimensional polymers is one of the most popular applications of on-surface
chemistry, driven by the prospect of new and interesting properties that may arise
for these new materials. Several types of protocols can induce on-surface reactions

500 nm

(a) (b)

Fig. 22 Nanopatterns formed via: a electrochemical reduction of a diazonium salt on ITO
electrode covered with polystyrene beads [112]; b simultaneous aryl grafting and graphite
oxidation [117]. a adapted with permission from [112]; copyright © 2016 American Chemical
Society. b adapted from [117], copyright © 2016, with permission from Elsevier
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such as thermal, light, or electrochemical activation. One aspect that has not
received as much attention yet is the use of surfaces to affect the product distri-
bution of a chemical reaction that occurs in solution. Initial reports suggest that such
combination of on-surface self-assembly and combinatorial chemistry might be
complementary to existing synthetic strategies. Also, the complexity and, hence, the
potential of covalent functionalization of carbon surfaces is not yet fully realized.
Although such chemistries are known for more than two decades, their investiga-
tion using scanning probe microscopy techniques and the nanoscale characteriza-
tion will lead to new patterning strategies. Combining different on-surface reactivity
protocols may lead to a new generation of smart surfaces and materials.
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