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W
ithin a decade, graphene has
emerged as one of the most
promising nanomaterials in con-

temporary nanotechnology. The unique
structure and remarkable properties1�6 of
graphene have boosted its use in vari-
ous domains of science and technology
such as nanoelectronics, catalysis, sensing,
and energy storage.7�12 Functionalization
or modification of graphene is often a pre-
requisite to take full advantage of its unique

properties.13�17 Approaches including cova-

lent chemicalmodifications18,19 and physical

treatments20,21 have shown that it is possible

to functionalize graphene and to affect its

electronic properties, for instance by indu-

cing a band gap. Nevertheless, these reac-

tion methods often generate defects in

graphene at the expense of reducing the

carriermobilities. Noncovalent functionaliza-

tion via physisorbed self-assembled mono-

layers has emerged as a promising strategy,

as it preserves the pristine structure of

graphene, thus conserving its excellent

electrical properties.9,10 The extended hon-

eycomb lattice of the sp2 carbon network of

graphene enables the adsorption of a vari-

ety of molecules via physisorption and their

assembly into ordered networks guided

by weak van der Waals (vdW) interactions

between graphene and the adsorbed

molecules.
Several organic molecules such as 10,12-

pentacosadiynoic acid (PCDA),22 3,4,9,10-pery-
lenetetracarboxylic dianhydride (PTCDA),23�27

perylenetetracarboxylic diimides (PTCDI),25,28

copper phthalocyanine (CuPc),29 chloroalu-
minum phthalocyanine (ClAlPc),30 and co-
balt phthalocyanine (CoPc)31 form well-
ordered self-assembled two-dimensional
(2D) nanopatterns on graphene as visua-
lized by scanning tunneling microscopy
(STM). The deposition as well as the STM
imaging of the aforementioned molecular

* Address correspondence to
tobe@chem.es.osaka-u.ac.jp,
steven.defeyter@chem.kuleuven.be.

Received for review July 27, 2013
and accepted November 10, 2013.

Published online
10.1021/nn4039047

ABSTRACT Functionalization and modification of graphene at the

nanometer scale is desirable for many applications. Supramolecular as-

sembly offers an attractive approach in this regard, as many organic

molecules form well-defined patterns on surfaces such as graphite via

physisorption. Here we show that ordered porous supramolecular net-

works with different pore sizes can be readily fabricated on different

graphene substrates via self-assembly of dehydrobenzo[12]annulene

(DBA) derivatives at the interface between graphene and an organic liquid. Molecular resolution scanning tunneling microscopy (STM) and atomic force microscopy

(AFM) investigations reveal that the extended honeycomb networks are highly flexible and that they follow the topological features of the graphene surfacewithout any

discontinuity, irrespective of the step-edges present in the substrate underneath. We also demonstrate the stability of these networks under liquid as well as ambient air

conditions. The robust yet flexible DBA network adsorbed on graphene surface is a unique platform for further functionalization andmodification of graphene. Identical

network formation irrespective of the substrate supporting the graphene layer and the level of surface roughness illustrates the versatility of these building blocks.
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networks was carried out under ultra-high vacuum
(UHV) conditions, which limits the scope of molecules
that can be explored and integrated with graphene
because of sublimation problems. Another obvious
concern is the stability of molecular monolayers on
graphene when exposed to ambient conditions or
when graphene substrates are immersed in liquids.
Such stability is absolutely essential when considering
the utility of graphene-based devices in sensing appli-
cations. Furthermore, for all the systems listed above,
the supramolecular networks formed on graphene
consist of densely packed arrangement of molecules
without leaving any void space. Porous supramolecular
networks that expose nanosized areas of graphene
surface could be extremely interesting since such un-
covered areas could be used for further functionaliza-
tion and also for trapping of guest molecules on the
basis of shape and size selectivity, as previously demon-
strated for nanoporous systems adsorbedongraphite.32

Lastly, most of the studies on molecular self-assembly
on graphene have dealt with a single combination of a
molecule and the type of graphene surface. Given the
fact that graphene canbegrownona variety of different
substrates, there is a pressing need for understanding
molecular self-assembly behavior on different types of
graphene substrates for a single building block.
In this contribution we attempt to address the

missing links outlined above as follows. We explore
the use of liquid�solid interface as an alternative to
UHV deposition for functionalization of the graphene
surface by physisorption, using molecular systems that
are incompatible with deposition under UHV condi-
tions. In contrast to UHV deposition, the liquid�solid
interface provides a relatively cheap and practically
straightforward protocol for deposition of a variety of
different molecules. In particular, we illustrate the
formation of functional, crystalline, low-density molec-
ular networks on graphene. These networks extend
over large areas on graphene surface, and the nano-
sized voids in them expose the pristine graphene
surface, which is available for further functionalization
as well as for sensing purposes as described above. To
the best of our knowledge, this is the first example of a
highly ordered and extended 2D porous supramole-
cular network with pore size greater than 5 nm physi-
sorbed on graphene. These nanoporous networks
maintain their structural integrity and porosity even
upon removal of the organic solvent from which they
were formed. They remain stable for days under am-
bient dry conditions as well as after washing with
water. Last but not the least, we illustrate the self-
assembly of the same building block on three different
types of graphene substrates, namely, epitaxial few-
layer graphene grown on SiC (E-G/SiC),23,25 chemical
vapor deposition (CVD)-grown single-layer graphene
on polycrystalline Cu film on siliconwafer (CVD-G/Cu),33,34

and mechanically exfoliated small single-layer graphene

sheets on amica substrate (M-G/Mica),5 further corrob-
orating the versatility of these building blocks under
ambient conditions.
The present investigation rides on the success of

numerous earlier investigations involving molecular
self-assembly carried out at the interface between an
organic liquid and highly oriented pyrolytic graphite
(HOPG). HOPG is a 3D material consisting of stacked
graphene layers. Clean and extended atomically flat
terraces can be obtained by simply cleaving HOPG
using adhesive tape. The structural similarity of
graphite surface to graphene makes it an excellent
model surface for the self-assembly of molecules on
graphene.9 Moreover, there is a wealth of information
available on molecular self-assembly on HOPG,32,35,36

at the liquid�solid interface as well as under ambient
conditions. A typical experiment involves application
of a few microliters of a solution containing the mol-
ecules of interest on HOPG. The self-assembled net-
works are formed at the solution�HOPG interface. STM
visualization can be carried out at the liquid�solid
interface or on dry samples prepared by evaporation
of the solvent. Given the epitaxial relationship between
alkyl chains and the lattice of graphite, many alkyl-
substituted molecules are known to form highly crys-
talline monolayers on HOPG.35

In previous studies carried out in our group,
dehydrobenzo[12]annulene (DBA) derivatives have
emerged as versatile building blocks for constructing
2D porous networks at the liquid�HOPG interface.37�46

Thesemolecules consist of a rigid triangular core, the so-
called DBA unit, which is typically substituted with six
alkyl or alkoxy chains to guide the self-assembly on
graphite (Figure 1A). Remarkably, under controlled
concentration conditions, these molecules self-assem-
ble into regular nanoporous networks, stabilized by
molecule�molecule and molecule�substrate interac-
tions: alkyl chains of adjacent molecules are interdigi-
tated and alkyl chains align along one of the major
symmetry axes of graphite. The self-assembled porous
networks of DBA are stable and the process of network
formation itself is extremely adaptive to synthetic mod-
ifications introduced in the peripheral alkyl chains. For
example, by altering the length of the alkoxy chains,
honeycomb networks of different pore sizes have been
realized on HOPG;38�45 by modifying the alkyl chain
terminal groups, tuning of the pore functionality has
been demonstrated;46 by introducing chiral centers in
the DBA alkoxy chains, the chirality of the porous net-
works could be controlled.45

In this contribution, we exploit the stable self-assem-
bling properties of DBA derivatives to functionalize
graphene supported on various substrates. After con-
firming the stable and highly ordered network forma-
tion of a typical DBAderivative (DBA-OC12) on E-G/SiC,
we employed a large DBA derivative with diacetylene
units in the alkyl chains (DBA-DA25) for functionalization
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of graphene. The increased stability offered by the
diacetylene moieties enables robust network forma-
tion under various conditions and on a variety of
graphene substrates. A regular nanoporous network
with a pore diameter of 5.7 nm was achieved. STM and
atomic force microscopy (AFM) investigations reveal
that the self-assembled networks formed by DBA-
DA25 are highly flexible and follow the graphene
topography without any discontinuity irrespective of
the step-edges present in the substrate underneath.
Remarkably, such large-pore honeycomb networks are
exceptionally stable, both at the liquid�solid interface
and under ambient dry conditions.

RESULTS AND DISCUSSION

Graphene samples supported on three different
substrates, hence with distinct surface topologies,
were investigated. These include epitaxial few-layer
graphene grown on SiC,23,25 CVD-grown single-layer
graphene on polycrystalline Cu film on silicon
wafer,33,34 and mechanically exfoliated small single-
layer graphene sheets on a mica substrate.5 AFM and
STM measurements were used to evaluate the mor-
phologies of E-G/SiC and CVD-G/Cu surfaces (Figure S1)
prior to the deposition of DBAs. The E-G/SiC sub-
strate consists of steps, steep slopes, and flat terraces
with areas up to hundreds of square nanometers and
provides a suitable surface for the self-assembly of
molecules and STM imaging (Figure S1A,B). On the
other hand, CVD-G/Cu shows a relatively rough surface
and consists of uneven grain-like features reflecting
the topography of the underlying polycrystalline Cu
film (Figure S1D,E). STM studies of molecular assembly
typically require ultraflat surfaces; therefore atomically
flat HOPG32,35,36,42,47 and single-crystalline metal sub-
strates such as Au,48,49 Ag,50,51 and Cu52�55 are the
most favorable surfaces used in STM studies. The
coarse-grained nature of CVD-G/Cu surfaces (RMS

roughness up to 25.6 nm in a typical AFM image,
Figure S1D) may pose challenges for the molecular
self-assembly, aswell as for the visualization. Therefore,
our initial efforts were focused on using E-G/SiC as the
substrate, which is relatively less rough (RMS rough-
ness 4.2 nm in a typical AFM image, Figure S1A). DBA-
OC12 (Figure 1A), which is a well-studied building
block, was chosen to verify the possibility of DBAs to
self-assemble into 2D porous networks on graphene.
In contrast to UHV deposition of organic molecules,

which requires an elaborate sample preparation,
our approach involves simple drop casting of a 1,2,4-
trichlorobenzene (TCB) solution of DBA-OC12 (∼1 �
10�3 M) onto E-G/SiC. STM imaging carried out at the
TCB�E-G/SiC interface reveals that the DBA-OC12
molecules are able to form well-ordered 2D porous
networks with a pore size of ∼3 nm on the E-G/SiC
surface (Figure 1B). A more densely packed linear
structure was also visualized. This observation is in
agreement with the coexistence of porous and linear
packing at high concentration (>7.4 � 10�4 M) ob-
served on HOPG39 and indicates that the self-assembly
process on graphene is not all that different from that
on graphite. Although in principle, the diameter of the
pores can be increased by altering the length of the
alkoxy chains, the DBA derivatives with longer alkoxy
chains show stronger concentration dependency. This
becomes a serious issue, especially upon solvent eva-
poration, in which case there is a higher propensity to
form densely packed networks.39

Aiming at the formation of networks with large
pores for which the stability does not depend signifi-
cantly on the diameter of the pores and the molecular
concentration in solution, wemoved on to the study of
a new type of DBA derivative (DBA-DA25; Figure 2A).
This DBA derivative not only is substituted with long
alkoxy chains but also contains special type of alkoxy
chain that possesses diacetylene units. The diacetylene

Figure 1. (A) Molecular structure of DBA-OC12. (B) STM image of amonolayer of DBA-OC12 at the interface between TCB and
E-G/SiC. Imaging conditions: Iset = 100 pA; Vset =�950 mV. A line profile along the white dashed line is shown below the STM
image. The blue and orange outlines highlight the linear packing and the porous arrangement, respectively. (C) Molecular
models for linear packing and porous arrangement of DBA-OC12 observed at the TCB�E-G/SiC interface.
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units are known to provide increased stability to
supramolecular networks due to additional interac-
tions based on shape complementarity between
kinked alkyl chains.56,57 A very recent STM study
(Figure S2) carried out by us shows that DBA-DA25
forms well-ordered 2D honeycomb networks at the
TCB/HOPG interface. This full report on the design,
synthesis, and self-assembly properties including the
stability of DBA-DA25 on HOPG will be presented
elsewhere.58 Here, we focus on the self-assembly
properties in relation to the nature of the graphene
surface.
To explore the self-assembly on graphene, a solution

of DBA-DA25 (5 μL, ∼2 � 10�6 M in TCB) was applied
to E-G/SiC or CVD-G/Cu substrate prediced into dimen-
sions of ∼0.5 � 1.0 cm2. DBA-DA25 molecules were
observed to self-assemble into a porous honeycomb
structure at the TCB�E-G/SiC interface (Figure 2). The
bright triangular features correspond to the annulene
cores of DBA-DA25, while the dark features bridging
the cores are the regions where the alkoxy chains are
adsorbed. The less bright features in the middle of the
alkoxy chains correspond to the diacetylene units.
A high-resolution STM image of the honeycomb net-
work is shown in Figure 2B. The orientation of the
diacetylene-containing chains coincides with the sym-
metry axes of the underlying graphene lattice, indicating

good epitaxial registry. Simple as well as substituted
alkanes and alkyl chain containing molecules are
known to exhibit such registry on HOPG substrate.
The periodicity of the pores (7.0( 0.1 nm) aswell as the
orientation of the DBA-DA25 unit cell with respect to
the graphene lattice is consistent with the results
obtained on HOPG (Figure S2). These observations
are again indicative of the similarities in the supramo-
lecular network formation on HOPG and graphene.
Thus, similar to HOPG, the supramolecular networks of
DBA-DA25 on graphene are also stabilized by inter-
digitation between pairs of alkoxy chains involving
adjacent molecules. The pore size reaches up to
5.7 ( 0.1 nm (the edge-to-edge distance as indicated
in Figure 2C).
Despite the obvious similarities, there are some

peculiar differences in the self-assembly behavior on
graphene and graphite. Themost important difference
is the behavior of the supramolecular networks at the
step-edges. In the case of HOPG, the DBA-DA25 net-
works are typically discontinuous across step-edges. In
other words, a step-edge on HOPG interrupts the
domain, and each terrace consists of a separate do-
main (Figure S3 in the Supporting Information). On the
contrary, DBA-DA25 networks were found to be in full
compliance with the underlying graphene topography
and seamlessly crossed surface steps (Figure 2D and E).

Figure 2. (A) Molecular structure of DBA-DA25. (B) High-resolution STM image of the honeycomb pattern of DBA-DA25
assembled at the interface between epitaxial graphene (E-G/SiC) and TCB. The inset shows the corresponding fast Fourier
transformof the E-G/SiC substrate. (C)Molecularmodel of the honeycombpattern; unit cell: a=7.0( 0.2 nm, b=7.1( 0.2 nm,
and γ = 60( 3�. The DBA-DA network was found to be rotated by about 23�with respect to the underlying graphene lattice.
(D) Large-area STM image of the honeycomb pattern of DBA-DA25 assemblies at the TCB and E-G/SiC interface. (E) Enlarged
STM image of the area marked with the white rectangle in D, showing that the 2D porous network seamlessly crosses a step.
Blue triangles highlight the DBA cores. Blue dashed lines indicate the alkoxy chains in between the DBA cores. Imaging
conditions: Iset = 120 pA; Vset = �850 mV.
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Figure 2E shows the enlarged STM image of the area
indicated in Figure 2D, demonstrating that the DBA
nanomesh grows over a step-edge inherited from
the underlying SiC substrate. These observations
clearly demonstrate that the graphene layer continu-
ously covers the step-edge present in the SiC substrate
underneath. A similar phenomenon was reported ear-
lier for monolayers of rigid polyaromatic molecules such
as PTCDA,23�27 PTCDI,25,28 and phthalocyanines29�31 as
well as for those formed by relatively flexible aliphatic
molecules such as pentacosadiynoic acid22 on gra-
phene surface observed under UHV conditions. The
present case stands out from those reported in the
literature due to much lower surface density of the
building blocks involved. These results when consid-
ered in the context of those obtained in the past reveal
that the formation of continuous domains over step-
edges is not a property of a given molecular system
but is rather inherent to the graphene�substrate
combination.
These encouraging observations prompted us to

explore the self-assembly behavior of DBA-DA25 on
rougher graphene surfaces such as CVD-G/Cu. Remark-
ably, well-organized 2D porous networks were also
observed (Figure 3A) on CVD-G/Cu despite its higher
surface roughness. The STM image provided in
Figure 3B reveals that the porous network consists of
DBA-DA25 exhibiting a similar arrangement as that
observed on E-G/SiC. To the best of our knowledge, this
is the first observation of an ordered 2D porous net-
work on such a highly rough graphene surface under
ambient conditions. Similar to the observations made
for E-G/SiC, theDBA-DA25molecules assemble into an
extended nanomesh on the CVD-G/Cu surface, which
follows the topography of the CVD-G/Cu surface with-
out any obvious disruption by the roughness of the
underlying graphene. The robustness of themonolayer
films is attributed to strong self-assembling properties
of DBA-DA25. The long alkoxy chains offer the flex-
ibility to adapt to the graphene topography and
provide sufficient interaction with graphene via vdW
interactions. Meanwhile, the interdigitation between
the long alkoxy chains of neighboring DBA-DA25
molecules provides intermolecular stabilization via

vdW interactions to form an extended stable network.
The presence of diacetylene units further enhances the
stability of the 2D networks.
While the DBA assemblies are readily observed at

the interface between TCB and CVD-G/Cu, the sub-
strate roughness adversely affects the imaging. High-
resolution STM images ofDBA-DA25 at the TCB/CVD-G
interface are far more difficult to obtain compared to
those at TCB/E-G interface. Although the structural
aspects of the DBA-DA25 networks formed on CVD-
G are similar to those on HOPG, we noted that the self-
assembly proceeds at relatively slower rate on CVD-G
than that on HOPG. For a given solution concentration,

porous DBA-DA25 networks were instantaneously
formed on HOPG, whereas on CVD-G, an equilibration
period of ca. 15 min was typically necessary before the
stable self-assembled networks could be obtained.
This decrease in the rate of the assembly process could
be related to the roughness of graphene compared to
HOPG. Linear packing was occasionally seen to coexist
with the honeycomb networks formed on CVD-G/Cu,
which is not the case for the networks obtained on
HOPG from solutions with the same concentration. At
this point, it is not clear if this is due to the differences in
surface roughness or that other aspects are at play.
To evaluate the stability of these unique porous

molecular assemblies under ambient dry conditions,
the solvent was removed by gentle rinsing with water
followed by drying under a flow of N2. Since water
could dissolve neither TCB nor DBAmolecules, TCB and
excess DBAmolecules dissolved in TCB are expected to
be removed from the substrate via solvent repulsion.
According to this logic, the self-assembled DBA-DA25
networks should remain on the surface thanks to their
interactionwith the substrate and hydrophobic nature.
Due to the higher roughness of the graphene samples,
the drying protocol was first verified on HOPG. STM
investigations confirmed that the DBA honeycomb
network survived on HOPG after the solvent removal
steps (Figure S4A). However, some DBA molecules
were found missing from the network. Additional
STM imaging revealed that the scanning STM tip could
perturb the self-assembled DBA network under ambi-
ent conditions and induce molecular desorption. Fig-
ure S4B provided in the Supporting Information reveals
that the reimaged areamarked with dotted lines at the
upper-left corner of the image shows that the DBA
molecules were completely removed by the STM tip. In
contrast, AFM imaging performed on the same sample
showed a well-preserved DBA honeycomb network
after the solvent removal steps. No obvious defects
were observed in the entire network (Figure S4C and
D). These observations clearly indicate that the defects
in the DBA honeycombmonolayer result from the STM
imaging rather than the solvent removal steps.

Figure 3. STM images of DBA-DA25 self-assembled at the
TCB�CVD-G/Cu interface. (A) Large-area STM image and (B)
small-scale image of the DBA-DA25 honeycombs clearly
illustrating the compliance of the nanomesh to the gra-
phene substrate, regardless of the surface roughness. Ima-
ging conditions: Iset = 100 pA; Vset = �950 mV.
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To avoid such desorption effects induced by STM
imaging, tapping mode AFM becomes the natural choice
for the investigation of the stability and uniformity of the
dry DBA porous networks on graphene due to reduced
lateral forces exerted by the AFM tip. Similar to the results
obtained on HOPG, the DBA porous networks were found
to survive on E-G/SiC under ambient conditions after the
aforementioned solvent removal step. The AFM images in
Figure 4 demonstrate that the dry network remained
intact even at graphene step-edges (Figure 4A, B, and C)
and steep slope regions (Figure 4D and E), showing no
discontinuity. No obvious difference was found between
the AFM images for dry DBAnetworks and the earlier STM
images obtained at the TCB�E-G/SiC interface. The peri-
odicity of the pores as obtained from AFMmeasurements
is about 6.9 ( 0.2 nm (Figure 4D), consistent with the
molecular model and previous STM measurements.

Multipoint measurements at different locations across
the sampleconfirmedthecompletecoverageofgraphene
by the molecular nanomesh. The absence of obvious
defects and aggregates (see large-area AFM images,
Figure S5) confirms the uniformity and continuity of the
DBA porous network on E-G/SiC. It is worth noting that no
obvious changes in the morphology were detected after
standing in ambient air for 2weeks, illustrating the stability
and robustness of the DBA honeycomb networks in air.
Finally, the self-assembled network formation of

DBA-DA25 was also investigated on M-G/Mica. AFM
images provided in Figure 5 indicate that DBA-DA25
forms a highly ordered porous phase on exfoliated
graphene, whereas on bare mica it exhibits a distinc-
tively disordered morphology. These observations im-
ply that the formation of the DBA nanomesh is
templated by graphene.

Figure 4. AFM images of DBA-DA25 self-assembled monolayer on E-G/SiC under ambient conditions. (A) Height image and
(B) corresponding phase image, showing a continuous honeycomb structure crossing over a∼0.7 nm high step-edge on E-G/
SiC. (C) Enlarged AFM phase image of the same area marked with the white square box in B clearly showing the DBA
honeycomb network without any discontinuity at the step-edge. (D and E) DBA-DA25 porous networks demonstrating
compliance with a steep slope of the graphene substrate. Line profiles along the black line (1) and the red line (2) in D are
shown below the STM images, in which profile 1 indicates that the periodicity of the pores is about 6.9( 0.2 nm and profile 2
shows the significant topographical changes of the steep slope, respectively.
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CONCLUSIONS AND OUTLOOK
We have identified a novel building block in the form

ofDBA, which upon physisorption, leads to formation of
stable nanoporous self-assembled networks on different
graphene substrates. Identification of such building
blocks that can form stable supramolecular networks
across diverse graphene substrates is essential, as every
application needs a given type of graphene substrate.
The twoDBAderivatives discussed in this study furnished
supramolecular networks with periodicities of 3.9 nm
(DBA-OC12) and 7.0 nm (DBA-DA25). However, as
demonstrated by us earlier, these two numbers do not
represent the limit by any means, and well-ordered
networks with varying periodicities have been fabricated
on HOPG using these building blocks. This knowledge is
easily transferrable to graphene, as demonstrated in the
case of DBA-OC12 and DBA-DA25. Given the fact that
the periodicity, the pore diameter, and the functionality

of the DBA pore can be easily controlled by synthetic
modification of the peripheral chains, these building
blocks hold promise in the tunable functionalization of
various graphene substrates. Furthermore, the cavities of
these networks could be readily occupied by a variety of
guest molecules. This aspect could be exploited for
controlled and periodic functionalization of graphene
using multicomponent host�guest type networks or for
graphene-based sensing devices. The robust air-stable
networks of DBA-DA25 are particularly interesting since
they possess polymerizable diacetylene units. Attempts
are in progress to polymerize these supramolecularly
assembled networks to realize a one molecule thick
nanoporous covalent organic network (COF) on gra-
phene surface. Such well-ordered nanoporous COFs
confined against the graphene surface are expected to
open further possibilities of suchgraphene composites in
various applications.

EXPERIMENTAL SECTION
The synthesis of DBA-OC12 was described previously.39 The

synthesis ofDBA-DA25will be reported elsewhere.58 To form self-
assembled monolayers of the DBA derivatives at the liquid�
solid interface, a drop (5 μL) of a diluted TCB solution containing
the DBA derivative of interest was applied on the substrate of a
freshly cleaved HOPG or prediced E-G/SiC, CVD-G/Cu, or M-G/
Mica. After drop casting the solution, the STM imaging
was carried out immediately by using mechanically cut Pt/Ir
(80%/20%) tips either on a PicoSPM (Agilent) or on a Nanoscope
IIID (Veeco Instruments) at room temperature (20�25 �C). To
ensure electrical contact with graphene, metal wires were used
to connect the E-G/SiC and CVD-G/Cu substrates from the top.
Dry monolayer assemblies on E-G/SiC and on M-G/Mica were
prepared by removal of TCB solvent from the substrates by
gentle rinsing with water followed by drying under a stream of
N2. AFM imaging was performed using a Multimode SPM (DI)
with a Nanoscope IV controller. The AFM images were acquired
in tapping mode under ambient air conditions with silicon
cantilevers (spring constant of 21�60 N/m, resonance fre-
quency of ca. 300 kHz, Olympus, Japan). Scanning Probe Image
Processor (SPIP) software (Image Metrology ApS) was used for
image analysis and drift correction of the high-resolution STM
images.
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