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Abstract: The integration of 2D covalent organic frameworks
(COFs) with atomic thickness with graphene will lead to
intriguing two-dimensional materials. A surface-confined
covalently bonded Schiff base network was prepared on
single-layer graphene grown on copper foil and the dynamic
reaction process was investigated with scanning tunneling
microscopy. DFT simulations provide an understanding of the
electronic structures and the interactions between the surface
COF and graphene. Strong coupling between the surface COF
and graphene was confirmed by the dispersive bands of the
surface COF after interaction with graphene, and also by the
experimental observation of tunneling condition dependent
contrast of the surface COF.

Covalent organic frameworks (COFs), in which molecular
building blocks are linked by covalent bonds into two-
dimensional or three-dimensional porous crystalline net-
works, provide robust materials that allow precise control
over the composition, topology, and porosity.[1–3] 2D COFs
with layered structures stacked together through van der
Waals interactions are ideally suited for efficient energy
storage and charge transport. However, these so-called 2D
COFs differ from “true” 2D materials in the same way that
graphene shows different properties from graphite. However,
if isolated, a single layer of a 2D COF will satisfy in all aspects
the definition of 2D polymer[4] and these periodic covalent

molecular sheets with well-defined structures may provide
a novel pathway to achieve control over carrier transport by
quantum effects. Such 2D polymers constructed by pure
organic building blocks have the promise of tuning the
properties of a device through rational chemical design and
synthesis.[5] The band alignment of such materials can be
precisely and predictably controlled by programmable design
of the starting materials.[6] Thus, in the quest for new
functional materials with unprecedented properties, the
preparation of “true” 2D materials has recently attracted
much attention.[7, 8]

The on-surface synthesis of COFs on single-crystal
surfaces provides the possibility to obtain 2D polymers with
single-layer thickness.[9, 10] The surface could not only promote
the ordering of the surface COF through epitaxial effects, but
also play a role in catalysis.[10–16] Recently, long-range-ordered
surface COFs based on the condensation of boronic acids, or
between aldehydes and amines, were successfully synthesized
under both open and closed environments with moderate
heating.[14–16] However, these single-layer crystalline surface
COFs are all synthesized on either metal or graphite surface,
thus making them difficult to exfoliate.

A key aspect for the application of 2D polymers in
nanoelectronics is to extend the polymer into a two-dimen-
sional network through conjugation to facilitate in-plane
charge transfer. Herein, we pursue a simple method to
synthesize a 2D extended aromatic Schiff base surface COF
with single atomic thickness on single-layer graphene grown
by CVD on copper foil (SLG-copper). The formation of the
framework was monitored in situ by scanning tunneling
microscopy (STM) of the octanoic acid/SLG-copper inter-
face. Benzene-1,3,5-tricarbaldehyde (BTA) and p-phenylene-
diamine (PDA) were used as precursors (Scheme 1). Though

Scheme 1. Reaction scheme of benzene-1,3,5-tricarbaldehyde (BTA)
and p-phenylenediamine (PDA) into hexagonal 2D surface COFBTA-PDA.
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the self-assembly behavior of a series of organic molecules
have been studied,[17] to the best of our knowledge this is the
first molecular-level investigation of the on-surface conden-
sation reaction on graphene. The properties of graphene are
more complex than highly uniform graphite. The different
facets, edge states at step edges, kinks, and defects may result
in different interactions with graphene, and thus change its
electronic properties.[18] How the non-uniformity of the
electronic properties of the SLG-copper surface may affect
the on-surface condensation is a very interesting point in view
of the reaction mechanism. The well-established transfer
techniques for graphene[19] also enables the so-prepared
surface COF-graphene composite material to be transferred
to various substrates.

An extended adlayer of p-conjugated surface COFBTA-PDA

was observed by STM several minutes after applying one
droplet of the mixture of the two precursors to the graphene
surface (Figure 1a). The surface COFBTA-PDA extends all over

the graphene surface and the final structure is unperturbed by
steps of the underlying copper foil, as indicated by the black
arrow. About 70% of the vertices are triple-coordinated,
which indicates the completeness of the Schiff base reaction.
The densities of pentagons, hexagons, and heptagons were
found to be 0.012, 0.033, and 0.008 nm�2, respectively. The
lattice parameters were a = b = 2.1� 0.1 nm, a = 60� 28,
which is in good agreement with the chemical structure

model and DFT simulations (a = b = 22.23 �, a = 608), thus
confirming the formation of a covalent bond. Domain
boundaries resulting from incomplete reaction were often
observed (Figure 1a, white arrows). This indicates that the
growth of surface COFBTA-PDA happens simultaneously at
different sites. According to the symmetry of the surface
COFBTA-PDA, the domain boundary could be either armchair
or zig-zag, terminated with either aldehyde or amine groups,
which can be denoted as Arm-NH2, Arm-CHO, Zig-NH2, and
Zig-CHO, respectively (Figure 1b). However, our observa-
tions indicate that the dominant case is Zig-CHO, with the
other combinations (Zig-NH2, Arm-CHO, Arm-NH2) being
very rarely observed (see Figure S3 in the Supporting
Information), despite p-phenylenediamine being in excess in
the solution.

It is very interesting that a typical defect, one heptagon
neighboring a pentagon, was often observed in the 2D surface
COFBTA-PDA (Figure 1a), which is similar as the Stone–Wales
defect of graphene.[18] These “5 + 7” defects appear frequently
when two domains of surface COFBTA-PDA with different
orientations meet (Figure 1c). As measured from the STM
image, the angles between the blue and red, and the red and
green domains are approximately 378 and 238, respectively.
According to the atomic model proposed by Yazyev and
Louie, these two “5 + 7” defects are consistent with LAGB-I
and LAGB-II grain boundaries of graphene (Figure 1d).[20]

Notably, similar growth defects were also observed on single-
layer silica films grown on Ru(0001),[21] thus implying that
such defects are common for covalently connected honey-
comb systems.

The in situ formation of surface COFBTA�PDA at the liquid/
graphene interface can achieve equilibrium within minutes,
while dynamic self-healing of the defects can be observed
in situ. Figure 2 shows two consecutive STM images recorded

on the same area. The white arrow indicates a large open pore
which was patched by formation of a pentagon and a hexagon.
There are no precursors or oligomers adsorbed in the pore in
the initial stage; they may have come from the supernatant
solution. The red, violet, and blue arrows highlight the
repairing of the surface COFBTA-PDA and formation of new
covalent bonds between already existing oligomers and
surface COFBTA-PDA. The oligomers appear with noticeably
lower contrast before it is integrated into the surface COF
through formation of a covalent bond. This is either due to

Figure 1. a) STM image of surface COFBTA-PDA on SLG-copper. A “5 + 7”
defect is highlighted by an overlaid schematic model and two typical
domain boundaries are marked by the white arrows. A perfect chain of
hexagons crossing the step edge of copper is marked by the black
arrow. b) A schematic illustration of the different domain boundaries.
c) An enlarged STM image of three differently oriented domains with
schematic illustrations overlaid. d) A structural model of the LAGB-I
and LAGB-II domain boundaries of graphene, with the Stone-Wales
defects highlighted with violet and blue. The carbon atoms of
a structurally similar patch correspond to the surface COFBTA-PDA in (c)
is highlighted in green. The tunneling conditions were Iset =700 pA,
Vbias = 10 mV for a) and c).

Figure 2. Two successive STM images showing the dynamic process of
Schiff-base coupling at the octanoic acid/graphene interface. The time
interval is 1.08 min. The arrows highlight the sites where noticeable
changes happened. The tunneling conditions were Iset = 700 pA,
Vbias = 10 mV.
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changes in the electronic properties before and after bond
formation,[6] or due to a higher mobility of the oligomer.
Scanning of the STM tip can also have an effect on the self-
healing process. Analysis of the density and percentage of
polygons in the same area after continuous scanning reveals
that tip scanning, especially with low bias, may partially
destroy the surface COF, while the surface COF heals quickly
(within two minutes) after the bias back to imaging mode (see
Figure S6 in the Supporting Information). The relative
abundance of different polygons also shows a trend of
equilibrium, which remains nearly constant during the
manipulation.

Although the as-prepared CVD-grown single-layer gra-
phene covers the whole surface of the copper foil, different
facets and areas exist with different corrugations on the
copper substrate.[17,18] Although we have evidence that the
surface COFBTA-PDA covers almost the entire graphene sur-
face, we find that the best contrast appears with different
tunneling conditions for different areas. Figure 3 demon-

strates how the tunneling conditions influence the appearance
of surface COFBTA-PDA. This imaged area can be divided into
three parts, in the center the copper underlayer is highly
crystalline with big flat terraces, while in the upper and lower
parts of the image the copper substrate has more roughness
because of the existence of small facets and even amorphous
regions. We believe that graphene interacts more strongly
with the copper substrate when it rests on flat terraces than
over highly corrugated regions. A transition area exists
between each section. With relatively high tunneling bias
(Iset = 20 pA, Vbias = 500 mV, Figure 3a) the whole image has
a fuzzy appearance, but surface COFBTA�PDA can be identified
as covering the entire surface. By raising the tunneling current
to 700 pA and lowering the sample bias to 20 mV (Figure 3c),
the surface COFBTA-PDA on the flat terraces has the best
contrast. The above tunneling conditions are normally used to
get atomically resolved graphene lattices. However, when
covered with surface COFBTA-PDA, it is difficult to get the
graphene lattice on the flat terraces, since the surface COFBTA-

PDA always contributes to the imaging contrast (see Figure S4
in the Supporting Information). This indicates that a strong
coupling exists between the surface COFBTA-PDA and graphene
in this area. As we slightly increase the tunneling bias and

lowering the tunneling current, surface COFBTA-PDA at the
transition areas show higher resolution (Figure 3b). As our
DFT calculations indicate significant mixing of states between
surface COFBTA-PDA and graphene, we attributed the above
observation to the strong coupling between surface COFBTA-

PDA and graphene, and to spatial variation in the interaction
between the surface COFBTA-PDA-graphene and the copper
substrate.

To explore the electronic structure and the interaction
between graphene and the surface COF, state-of-the-art
electronic structure calculations based on density function
theory and the project augmented wave method were
performed using the VASP software package.[22] The calcu-
lations have been carried out on mono-layer graphene (The
addition of Cu-substrate has very slight effect on the structure
of surface COFBTA-PDA, see supporting information). As
shown in Figure 4, after relaxation graphene and the surface

COFBTA-PDA match well and the graphene stays mostly planar.
The bond lengths of C-C, C = C, C-N and C = N in surface
COFBTA-PDA and in surface COFBTA-PDA-graphene complex
(denoted as G-surface COFBTA-PDA here after) are close to
each other (see Supporting Information), indicative of small
tension in the G-surface COFBTA-PDA. Upon adsorption, the
average distance between graphene and the surface COFBTA-

PDA, that is, 3.28 �, falls into the range of van der Waals
interaction. The binding energy of surface COFBTA-PDA to

Figure 3. STM images showing the contrast dependence on tunneling
conditions. Surface COFBTA-PDA appears with different contrast on
different parts of SLG-copper. The white lines in (a) mark the
boundaries of the crystalline terrace. The bright particles observed in
(a) are attributed to physisorbed oligomers. a) Iset =20 pA,
Vbias = 500 mV; b) Iset = 100 pA, Vbias = 500 mV; c) Iset =700 pA,
Vbias = 20 mV.

Figure 4. a,b) Geometrical structures of G-surface COFBTA-PDA in the
unit cell (top and side views). c) Density of states of G-surface
COFBTA-PDA and surface COFBTA-PDA (Fermi level is set at 0 eV).
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graphene is �2.41 eV per unit cell, indicative of energetically
favored adsorptions.

The density of states (DOS) of the G-surface COFBTA-PDA

and surface COFBTA-PDA are presented in Figure 4 c. Upon
adsorption onto graphene, the shape of DOS of the complex
near the Fermi level is dominated by graphene and the band
gap of the G-surface COFBTA-PDA complex is very small
(0.081 eV). For analyzing the electronic properties of the
complex, the band structure and charge distribution of the
frontier bands near the Fermi energy of G-surface COFBTA-

PDA are plotted in Figure 5. There are two types of bands in the

G-surface COFBTA-PDA: flat bands associated with surface
COFBTA-PDA and dispersive bands from graphene. For com-
parison, the band structures of the free standing graphene and
surface COFBTA-PDA are also shown. It can be seen that after
integration with graphene, the shape of bands associated with
surface COFBTA-PDA also become dispersive due to interaction
with graphene. The band structure of surface COFBTA-PDA

shows a band gap around 2 eV, indicating that the free
standing Schiff-base surface COFBTA-PDA is a 2D organic
semiconductor. In the valence band maximum (VBM) and
the conduction band minimum (CBM), charge density mainly
localizes on graphene. Similar charge distribution is observed
in the VBM-1 and CBM + 1. In the bands below VBM-1 (e.g.
VBM-2) and above CBM + 1 (e.g. CBM + 2), charge density
mainly locates on surface COFBTA-PDA, that is, VBM-2 and
CBM + 2 are dominantly assigned to the contribution from
VBM and CBM of isolated surface COFBTA-PDA respectively,
as shown in Figure 5. However, the contribution from
graphene in VBM-2 and CBM + 2 is not negligible (and visa
versa), which indicates significant mixing of the electronic
states of surface COFBTA-PDA and graphene. The charge
distribution of the frontier valence bands near the Fermi
level on the surface COFBTA-PDA and G-surface COFBTA-PDA

suggests significant electron delocalization, that is, strong
two-dimensional p-conjugation in the surface COFBTA-PDA.
Thus the imine based surface COFs can be an intriguing two-
dimensional organic semiconductor with tunable band gap.

To summarize, we applied a simple while efficient
methodology for the preparation of surface COFBTA-PDA at
octanoic acid/graphene interface. The reaction happens

preferentially at the solid/liquid interface due to the adsorp-
tion of precursors. By controlling the concentration of
precursors the reaction can be limited to the interface. STM
imaging provides high spatial resolution about the structure
of surface COFBTA-PDA. The reaction at the liquid/graphene
interface is unperturbed by steps of the underlying substrate.
In the STM image, we had observed the “5 + 7” defects which
is an analogue of Stone-Wales defect of graphene. A
tunneling condition dependence was revealed for the contrast
of surface COFBTA-PDA on different part of graphene surface,
which implies that there is a strong coupling between surface
COFBTA-PDA and graphene. This hypothesis has been verified
by our DFT calculations. The band structure and distribution
of charge density also confirms the conjugated structure of the
surface COFBTA-PDA. Both in the free standing surface
COFBTA-PDA and the G-surface COFBTA-PDA complex the
charge density is highly delocalized. This leads to the prospect
that the free standing surface COFBTA-PDA by itself can be an
intriguing two-dimensional organic semiconductor, and its
band gap can be tuned by alternating the backbone structure
or attaching functional groups. The well developed transfer
techniques for graphene make it possible to transfer the G-
surface COFBTA-PDA composite to various substrates and to
investigate its properties as a true 2D material. Considering
the coordination properties of the Schiff-base and the strong
coupling between surface COFBTA-PDA and graphene such
composites may also find applications in the field of chemical
sensing and heterocatalysis.
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