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40 ABSTRACT. Organic covalent functionalization of graphene with long-range periodicity is
43 highly desirable —it is anticipated to provide control over its electronic, optical, or magnetic
45 properties— and remarkably challenging. In this work we describe a method for the covalent
modification of graphene with strict spatial periodicity at the nanometer scale. The periodic
50 landscape is provided by a single monolayer of graphene grown on Ru(0001), that presents a
52 moiré pattern due to the mismatch between the carbon and ruthenium hexagonal lattices. The
moiré contains periodically arranged areas where the graphene-ruthenium interaction is enhanced

57 and shows higher chemical reactivity. This phenomenon is demonstrated by the attachment of
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cyanomethyl radicals (CH,CN") produced by homolytic breaking of acetonitrile (CH3CN), which
is shown to present a nearly complete selectivity (>98 %) to bind covalently to graphene on
specific atomic sites. This method can be extended to other organic nitriles, paving the way for

the attachment of functional molecules.

KEYWORDS: nanostructured graphene, epitaxial graphene, chemical functionalization,

scanning tunneling microscopy
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Graphene is a bidimensional network of sp>-hybridized carbon atoms. The planar hexagonal
arrangement of carbon in graphene, its chemical stability, and most significantly, its
extraordinary physical properties all stem from the extended conjugation provided by the
homogeneous sp> hybridization." The chemical functionalization of graphene has been intensely
pursued in the last years.z’3 A significant part of the research efforts from the wet chemistry
trench have focused on the covalent attachment of molecular fragments to graphene. Addition of
malonate-type carbanions and radicals, acylations, and a wide variety of cycloadditions,
including [2+1], [2+2], [3+2], and [4+2], have all been explored, among others.*” Negative
consequences of graphene’s planar geometry are its insolubility and its tendency to reaggregate
to form graphite through n-n and van der Waals interactions. Such issues can be solved using
graphene on a suitable substrate (for a recent review see Criado et al®). It has been demonstrated
that graphene grown or deposited on a substrate can physisorb or chemisorb molecules. Weakly
attached adsorbates can act as donors or acceptors leading to changes in carrier concentration
that allow the detection of single molecules’ or the formation of intermolecular bands with long
range magnetic order at low temperatures.'® Beyond the supramolecular functionalization of
epitaxial graphene, its covalent modification has been proposed as an ideal tool for adjusting the
electronic, optical or magnetic properties. The chemical oxidation of graphene in ultra-high
vacuum (UHV) conditions has also been demonstrated.'"'* The attachment of hydrogen to each
atomic site of the graphene lattice to create graphane was proposed,'® resulting in a change in the
hybridization of carbon atoms from sp2 to sp3, as well as the opening a sizeable gap at the

Dirac point.'*'¢

In these experiments, all the atoms in the graphene lattice exhibit very similar
reactivity and the only way to get an atomically well-defined long range order is to saturate all

the atomic sites, creating a completely new material, e.g. graphane or graphene oxide. This lack
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of selectivity is a major drawback if the objective of the covalent modification is to modulate the
electronic properties of graphene. It has been predicted that a periodic patterning of graphene
would lead to new electronic properties'’ including a direct relation between the periodicity and

18,19

the bandgap amplitude. Therefore the chemical functionalization of graphene in a periodic

fashion with a periodicity in the range of 1 to 5 nm is highly desirable.

There have been several approaches for obtaining site selectivity in the chemical
functionalization of graphene. One approach relies on patterning the surface using an atomic

force microscope (AFM). 22!

The main drawback of this approach is the time needed to write the
motifs and also the difficulty of scaling the process to millimetre size samples. Another approach
relies on the fact that strain and curvature strongly enhance the local reactivity of the

22,23
graphene,””

although so far no long range order has been achieved. Graphene grown on
metallic substrates presents a moiré pattern due to the difference in lattice parameter between
graphene and the substrate.”* In particular, graphene grown on Ir(111) has been used to study the
influence of a spatially ordered covalent functionalization in the graphene electronic

25,26
structure.”™

Due to the weak interaction between the graphene and the Ir(111) substrate, the
moiré pattern presents several rotational domains with different periodicities.””** The weak
interaction with the substrate also renders all the carbon atoms almost identical electronically

and no distinct reactive sites are present in the system. To the best of our knowledge, there have

been no reports of covalent functionalization of graphene with atomic-level selectivity.

Here, we describe a method for the organic covalent modification of graphene with exquisite
spatial periodicity at the atomic scale. We take advantage of the fact that the growth of graphene
on lattice-mismatched metallic substrates allows us to tailor the geometric and electronic

properties of the graphene overlayer in a periodic fashion. In particular, we use graphene grown
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on Ru(0001) that presents a moiré pattern with a periodicity of = 3 nm. The moiré shows
periodically distributed areas where the charge transfer due to the interaction between graphene
and ruthenium is rather large and, as a consequence, these graphene areas present higher
chemical reactivity. This point is illustrated by demonstrating that cyanomethyl radicals
(CH,CN®) produced by homolytic breaking of acetonitrile (CH;CN) in UHV by electron
bombardment bind to graphene preferentially at specific atomic sites with a nearly complete

selectivity (>98%).

Growth of graphene through chemical vapour deposition (CVD) on a variety of metallic
substrates is one of the preferred methods for the synthesis of high-quality graphene.”’~*? This
method presents the additional advantage that the strength in the interaction between graphene
and the metallic substrate can be tuned by varying the chemical nature of the latter.” In this
respect some of us have previously reported the epitaxial growth of graphene on Ru(0001)
(hereafter, gr/Ru(0001)) where due to the mismatch between the hexagonal lattices of graphene
and Ru, the system presents a moiré pattern with a surface periodicity of 2.93 nm** (see
Supporting Information A for further details). Figure 1(a) shows that three different areas can be
distinguished inside the moiré unit cell depending on the registry between the carbon atoms and
the last two ruthenium atomic layers, namely: the "atop" region where all carbon atoms are
placed above threefold hollow sites of the Ru surface (vertex of the blue triangles in Fig.1(a)),
the "HCP-Top" region where half of the carbon atoms are located on HCP threefold positions
and the other half on top of Ru atoms (dashed blue triangle in Fig. 1(a)) and the "FCC-Top"
region where half of the carbon atoms are located on FCC threefold positions and the other half

on top of Ru atoms (solid blue triangle in Fig. 1(a)).
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Figure 1. (a) Ball model of the gr/Ru(0001) surface, where grey circles represent the Ru atoms

of the first atomic layer. The graphene hexagonal lattice is shown in a black to white color scale

to indicate the height of the carbon atoms respect to the Ru(0001) surface. The unit cell of the

moiré pattern is highlighted by two blue triangles. At the vertices all carbon atoms fall on

threefold hollow sites of the Ru(0001) surface. At the center of the solid (dashed) triangle one
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carbon sub-lattice falls on FCC-stacked (HCP-stacked) threefold hollow sites and the other one
on top positions. These two regions are named “FCC-Top” and “HCP-Top” respectively. (b)
STM image acquired on pristine gr/Ru(0001) (24x7 nm?; Vp=+1.5V, [=30 pA). The moiré¢
pattern arising from the lattice mismatch is highlighted in blue. The HCP-Top area is marked
with the dashed triangle and the FCC-Top area is marked the solid triangle. Four point defects on

the atop areas are indicated by black circles.

Figure 1(b) shows a Scanning Tunneling Microscope (STM) topographic image of the surface
measured at +1.5V bias voltage. Under these bias conditions, the moiré appears as a hexagonal
array of bumps with a small corrugation (~40 pm). The origin of the bumps is the change in
registry within the moiré unit cell that produces a spatial modulation in the interaction between
the C and Ru atoms, from weak van der Waals interaction in the high areas of the STM images to
strong interaction in the lower areas.”~° This spatial variation of the interaction modulates all
surface electronic properties, from the surface potential®’ to the electronic structure around the
Fermi level,”* which directly affects the chemical reactivity. The STM imaging conditions of
Figure 1b also reveal the presence of four point defects on top of the ripples (marked with black
circles), which we attribute to subsurface oxygen trapped during the graphene growth process

(see Supporting Information B for details).

Recently, Ruoff, Bielawsky and co-workers have introduced a method for the selective
functionalization of graphene on areas with high local curvature.”? Considering this, and the
seminal work by Balog et al. on the patterned hydrogenation of graphene on Ir,” we reasoned
that graphene on Ru(0001) seems an ideal playground to exploit a similar strategy for a periodic
chemical modification of graphene with sub-nanoscale selectivity. The metal-graphene

interaction in gr/Ru(0001) is sufficiently strong to affect the chemical reactivity of specific
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atomic sites of the graphene overlayer, due to the presence of the moiré-related corrugation.
While attempting to reproduce the wet-chemistry reaction conditions, we serendipitously
discovered that gr/Ru(0001) can be functionalized by cyanomethyl radicals with exquisite spatial
selectivity (see Supporting Information C for details). Representative STM images are shown in
Figure 2a-f, measured at 80 K as a function of the sample bias voltage after exposure of the
sample at room temperature to 1x10°° Torr of CH;CN for 3 minutes, equivalent to 180
Langmuirs. Bright bumps related to the adsorption of acetonitrile, located exclusively at the
valleys and the HCP-top sites, are observed for voltages between +1.25 V and +2 V. The
molecular attachments show an apparent height of 26 + 2 pm and a lateral width of 560 + 20 pm
at + 1.5 V. The shape and size of the molecular attachments are very similar to those measured
on STM images taken of acetonitrile adsorbed on Pt(11 1).*® Figure 2(g) shows Scanning
Tunnelling Spectroscopy (STS) recorded on various positions of the moiré unit cell. The curves
measured on top of the ripples and the ones measured on the (empty) low areas of the moiré¢
show the well-known asymmetry between the occupied and empty density of states of
gr/Ru(0001).** The curves measured on the molecular attachments present an additional peak at
+1.6 eV identified as the Lowest Unoccupied Molecular Orbital (LUMO). The energy of the
Highest Occupied Molecular Orbital (HOMO) is below -2.0 V and, therefore, out of the
measured energy window. The images confirm that for bias voltages below +0.5 V the molecular
attachments are not visible, since tunneling is being carried out in the gap between the HOMO
and LUMO. For bias voltages larger than +2.5 V the reduction in the apparent corrugation of the
moiré pattern and its subsequent inversion® hinders the precise identification of the adsorption

site of the molecular attachments.
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Figure 2. (a)-(f) 10x10 nm? STM images with different bias voltages acquired at 80 K after
exposing gr/Ru(0001) to 180 Langmuir of acetonitrile at 300 K. Notice the related presence of
seven bright bumps on HCP-Top sites (marked with a white circle), one on FCC-Top site and
one graphene point defect (marked with a black circle). (g) Differential conductance, dI/dV,
curves recorded at 80 K with the tip of the STM placed on top of the molecular attachments
(green), the FCC-Top, HCP-Top (purple and blue, respectively) and the ripples (black) areas of
the moiré pattern of gr/Ru(0001). The dI/dV individual curves were measured in open feedback
loop conditions with the tunneling gap stabilized at +0.3V and 50pA. The lock-in signal was
acquired using a modulation in the bias voltage of 40mV (rms), a frequency of 856 Hz and a

time constant of 10 ms.

Remarkably, single molecular attachments can be observed exclusively at the valleys of the
moiré pattern. Moreover, there is a strong preference for HCP-Top sites over FCC-top regions
offering another level of selectivity. For higher coverages on the order of 0.50 acetonitrile
molecules per moiré unit cell, 98.0+1% of the HCP-Top and 2+1% of the FCC-Top areas of the
unit cells are occupied. The same site preference has been observed for TCNQ* and F4-TCNQ*!
molecules adsorbed on gr/Ru(0001) and can be understood considering the difference in the

electronic structure between the FCC-Top and HCP-Top areas.*

In the present case, however, the bonding between the adsorbed molecular attachments and
graphene relies on a strong C-C covalent bond, which modifies the sp” hybridization of a single
C atom in graphene. This is demonstrated in Figure 3, in which a region containing three
molecular attachments located in HCP-Top regions, encircled in white, is imaged with atomic
resolution. The STM image has been taken in conditions where the molecular attachment is

transparent (2 mV bias and 800 pA current) because the small bias voltage is probing the energy
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gap between HOMO and LUMO of the adsorbed molecule. Accordingly, the tip does not move
up when is located on top of the molecules attached to the surface. Simultaneously, the C atoms
with a modified hybridization where the three molecules are bonded appear as single atom
“holes” (see Supporting Information F.3 and Fig. S7 for details). Remarkably, the covalent
attachments are located exclusively on crystallographically identical carbon atoms of the
graphene overlayer. The inset shows the bright bumps of the molecules adsorbed in the “hole”
sites by restoring a bias voltage where they can be imaged through their LUMO orbitals. In spite
of the harsh imaging conditions all three molecules remain in place without any noticeable
change in shape or position. Going down to atomic resolution parameters without sweeping the
molecular attachments away during the scan is contrary to what happens with physisorbed or
even strongly chemisorbed isolated molecules, such as TCNQ’ or F4~-TCNQ™, indicating the
covalent nature of their attachment to graphene. In fact, the molecular attachments cannot be
displaced from their adsorption sites by the STM tip following standard manipulation
techniques.”"** Annealing the sample in UHV further confirms the strong bond between

graphene and the molecular attachments. The sample remains unaltered up to 573K.
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Figure 3. High resolution STM image (17 x 12 nm% V,=2 mV, I;= 800 pA), acquired at 80 K

on a region containing three molecular species (white circles) and two oxygen-related defects on
graphene (black circles). Inset: Same region scanned afterwards with Vi,=+ 1.7 V and I; = 100
pA. All three molecular attachments are still in place. The moiré unit cell is highlighted in blue

in the inset.

These facts confirm the selective covalent patterning of gr/Ru(0001) through treatment with
CH;CN beyond reasonable doubt. Given the relatively inert nature of CH3CN, and knowing that
under high-vacuum (10"® Torr) conditions ion gauges produce and emit active chemical species
through ionization of the residual gases in the vacuum chamber, which can be adsorbed onto
graphene,”’ we reasoned the same process may take place during the exposure of the graphene

surface to the acetonitrile molecules in UHV, since we use an ion gauge to measure the partial

ACS Paragon Plus Environment
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pressure of the acetonitrile gas. In order to gather experimental evidence of the molecular
fragments that can be produced in the ion gauge during the CH3CN exposition, we introduced in
the UHV chamber the same partial pressure (1x10°® Torr) of acetonitrile used during the
graphene exposure and recorded the mass spectrum of the gas utilizing a quadrupole mass
spectrometer (QMS) (see Supporting Information D for details). The ionization chamber of the
QMS works under the same physical principle as the ion gauges and therefore the spectra
measured is a reliable indicator of the chemical species produced in the ion gauge. The m/z
pattern is perfectly consistent with a significant concentration of CH,CN" (Figure S3 and
Supporting Information D for details). It is well known that CH,CN" can be generated directly

46-48
d.

from CH3CN by homolytic cleavage of a C-H bon Moreover, the cyanomethyl radical

(CH,CN") is known to react with C-C double bonds***" and arenes>* forming C-C bonds.

To provide further experimental evidence for this hypothesis we exposed the sample to 180
Langmuir of acetonitrile with the ion gauge in the preparation chamber turned off and under
these conditions 7o molecular attachments were detected on the surface (see Supporting

Information G for further details).

To gain atomic understanding of the reaction, we ran DFT calculations for the adsorption of
CH,CN® on gr/Ru(0001). The results are summarized in Figure 4. In agreement with the
experimental data, the adsorption energies are within the limits of a covalent bond (>2.1 eV)(see
Figure 4(a)). Remarkably, the HCP-Top/FCC-Top preference we observe experimentally is also
reproduced. The two most stable configurations, HCP-Top(1) and HCP-Top(4), with adsorption
energies of 2.34 eV and 2.49 eV are shown in Fig. 4(c), and Fig. 4(d). In this case, it is the alkyl
carbon atom of CH,CN" that lies closer to the graphene surface, as is observed in the

cycanomethylation of arenes.’® The graphene carbon atom immediately below the CH,CN
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addend is clearly displaced from the graphene mesh (see Supporting Information F for details).
The shortest distance between an acetonitrile carbon atom and a graphene atom are 1.60 A and
1.58 A for the acetonitrile in the HCP-Top (1) and HCP-Top(4) adsorption geometries shown in
Fig. 4(c) and Fig. 4(d), in very good accordance with a C-C single bond, for which the textbook
C-C distance is 1.54 A.> Other configurations considered and the corresponding adsorption
energies are shown in Table S1 and Figure S6 and discussion in section F.3 of the SI. In contrast,
identical calculations run with CH3CN resulted in adsorption energies of 0.40 = 0.03 eV and
0.42 £ 0.02 eV for the HCP-top and FCC-top regions, respectively, with the shortest acetonitrile-
graphene distances > 3 A, indicative of physisorption, as expected (see table S2 and Figure S8 in

section F.3 of the SI).
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Figure 4. (a) Adsorption energies calculated for the different configurations of CH,CN" on the
HCP-top (solid boxes) and on the FCC-Top (empty boxes) regions of the gr/Ru(0001) moiré.
The inset shows the ground state geometry of the corresponding molecule in the gas-phase. (b)
and (c), Ground state adsorption geometries of the two most stable configurations of CH2CN®
adsorbed in the HCP-Top region of the gr/Ru(0001) moiré. Graphene atoms are colored from
dark-gray to white depending on their height. Carbon, nitrogen and hydrogen atoms of the

molecule are colored in cyan, blue and white.

To investigate the role of the Ru metallic substrate we synthesised graphene on Ir(111)
(hereafter, gr/Ir(111)), a system which exhibits a similar moiré pattern >4 but with almost
negligible charge transfer and interaction between the carbon and iridium. Exposing gr/Ir(111)
to 1x10°® Torr of CH;CN, no CH,CN" attachments were observed, confirming that the strong
interaction between Ru and the graphene overlayer plays a fundamental role in the covalent

functionalization (see Supporting Information E for details).

Due to the strong interaction between graphene and the Ru(0001) surface, the moiré pattern not
only presents specific atomic sites with high chemical reactivity but long range order as well. In
this system it is possible to grow graphene layers presenting lateral domain sizes exceeding 300

39,55
nm.

The large domain size together with the exquisite spatial selectivity of our
functionalization method ensures the long range order of the functionalized surface. Figure 5
shows a 66 x 40 nm* STM image of the functionalized gr/Ru(0001). In the image 50% of the
moiré unit cells are occupied by one chemically bonded — CH,CN molecule. Of those 98.6% are

bonded in the HCP-Top areas, while only 1.4% of the — CH,CN are bonded to the FCC-TOP

arcas.
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Figure 5. STM image (66x40 nm”, Vy= 1.7 V, I,= 30 pA) acquired at 80 K on a high coverage

sample, prepared by exposing the gr/Ru(0001) surface to 600 Langmuir of acetonitrile at 300 K.

The moiré unit cell is highlighted in blue.

Similar results have been obtained for propionitrile, isobutyronitrile and 2-phenylacetonitrile,
demonstrating the applicability of this functionalization method to other molecular species (see

Supporting Information H for details).

In conclusion, we take advantage of the nanostructuration induced on graphene grown on
Ru(0001) to chemically functionalize the graphene overlayer with atomic-level selectivity and
exquisite spatial periodicity. The comparison between graphene grown on Ir(111) and graphene
on Ru(0001) shows the importance of the interaction between the graphene and the metallic

substrate that spatially modulates the properties of the graphene. Acetonitrile is homolytically
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broken by electron bombardment producing cyanomethyl radicals that react with the
nanostructured graphene in a spatially modulated fashion. These results offer the possibility for
tuning the graphene electronic, optic or magnetic properties trough an adequate covalent
functionalization of single layer graphene with long-range order on the order of hundreds of
nanometers and a periodicity of almost 3 nm. Moreover, identical results were obtained for
propionitrile, isobutyronitrile and 2-phenylacetonitrile, establishing a benchmark for the

attachment of more complex molecular structures to specific atomic sites on graphene.
Methods.

All experiments were performed in an UHV chamber with a base pressure of 5x10™"! Torr
equipped with a low-temperature STM and facilities for tip and sample preparation. All the STM
measurements were carried out at 80 K. The graphene layer was prepared by keeping the Ru
crystal at 1150 K in UHV while exposing it to an ethylene partial pressure of 8<10™ Torr for 10
min. Acetonitrile was introduce in the UHV chamber via a leak valve to produce a partial
pressure of 1x10°° Torr. The values for the partial pressures of the different gases are measured
using a Bayard-Alpert gauge calibrated for N,. The details of the calculations are provided in the

Supporting Information.
ASSOCIATED CONTENT

Supporting Information. Detailed discussion of the graphene/Ru(0001) structure. Oxygen
contamination identification. Wet chemistry approach. Relative abundance of the cyanomethyl
radical versus the acetonitrile molecule. Adsorption on graphene/ Ir(111). Theoretical

calculations. Ion gauge influence on the functionalization. Functionalization with different
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molecules (CH;CH,CN, (CH3),CHCN and Ph-CH,CN). This material is available free of charge

via the Internet at http://pubs.acs.org.”
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42 Figure 1. (a) Ball model of the gr/Ru(0001) surface, where grey circles represent the Ru atoms of the first
atomic layer. The graphene hexagonal lattice is shown in a black to white color scale to indicate the height
of the carbon atoms respect to the Ru(0001) surface. The unit cell of the moiré pattern is highlighted by two
44 blue triangles. At the vertices all carbon atoms fall on threefold hollow sites of the Ru(0001) surface. At the

45 center of the solid (dashed) triangle one carbon sub-lattice falls on FCC-stacked (HCP-stacked) threefold
46 hollow sites and the other one on top positions. These two regions are named “FCC-Top” and “HCP-Top”
47 respectively. (b) STM image acquired on pristine gr/Ru(0001) (24x7 nm?; Vp= +1.5V, I;=30 pA). The moiré
48 pattern arising from the lattice mismatch is highlighted in blue. The HCP-Top area is marked with the
49 dashed triangle and the FCC-Top area is marked the solid triangle. Four point defects on the atop areas are
50 indicated by black circles.
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lock-in signal (arb.units)

Figure 2. (a)-(f) 10x10 nm? STM images with different bias voltages acquired at 80 K after exposing
gr/Ru(0001) to 180 Langmuir of acetonitrile at 300 K. Notice the related presence of seven bright bumps on
HCP-Top sites (marked with a white circle), one on FCC-Top site and one graphene point defect (marked
with a black circle). (g) Differential conductance, dI/dV, curves recorded at 80 K with the tip of the STM
placed on top of the molecular attachments (green), the FCC-Top, HCP-Top (purple and blue, respectively)
and the ripples (black) areas of the moiré pattern of gr/Ru(0001). The dI/dV individual curves were
measured in open feedback loop conditions with the tunneling gap stabilized at +0.3V and 50pA. The lock-in
signal was acquired using a modulation in the bias voltage of 40mV (rms), a frequency of 856 Hz and a time
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30 Figure 3. High resolution STM image (17 x 12 nm?, V, = 2 mV, I; = 800 pA), acquired at 80 K on a region
31 containing three molecular species (white circles) and two oxygen-related defects on graphene (black
32 circles). Inset: Same region scanned afterwards with V,= + 1.7 V and I; = 100 pA. All three molecular
33 attachments are still in place. The moiré unit cell is highlighted in blue in the inset.
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Figure 5. STM image (66x40 nm?, Vp, = 1.7 V, I = 30 pA) acquired at 80 K on a high coverage sample,
28 prepared by exposing the gr/Ru(0001) surface to 600 Langmuir of acetonitrile at 300 K. The moiré unit cell
29 is highlighted in blue.
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