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Dependence of the adsorption height of graphenelike adsorbates on their dimensionality
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Comparing the adsorption heights of various graphene nanoribbons on Cu(111) and Au(111) surfaces to those
of graphene and π -conjugated planar organic molecules, we observe that two-dimensional graphene adsorbs
much further away from the surface than both one-dimensional graphene nanoribbons and π -conjugated planar
molecules—which represent zero-dimensional graphene flakes. We show that this is a direct consequence of the
adsorbates’ dimensionality. Our results provide invaluable insights into the interplay of Pauli repulsion, pushback
effect, and chemical interaction for graphenelike adsorbates of any dimensionality on metal surfaces.
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I. INTRODUCTION

Graphene nanoribbons (GNRs) attract attention because,
unlike pristine graphene, they have a band gap [1–3] which
makes them applicable in semiconductor technology. Because
their electronic, magnetic, and transport properties depend
on their width and edge shape [1,2,4], efforts are made
to control their geometry. These attempts have resulted in
techniques to produce atomically precise GNRs in solution and
on surfaces [5–8]. An open question concerns the interaction
of GNRs with their substrates. GNRs are π -conjugated
objects, and as such similar to planar π -conjugated molecules
on the one hand and graphene on the other. In fact, one might
expect that the sp2-hybridized carbon honeycomb lattice that
is present in all of these adsorbates would interact chemically
in a similar way with the metal substrate. As a secondary
aspect, the edges of GNRs might form local bonds to the
substrate, and thus the edge configuration could influence the
interaction with the substrate.

It is well known that the adsorption height constitutes an
important geometric parameter for the quantification of the
interaction of an adsorbate with the substrate surface [9–11].
Therefore, we investigate here the adsorption height of various
GNRs on metal substrates with the x-ray standing-wave tech-
nique [12]. We employ two noble-metal (111) surfaces of very
different reactivities, Au and Cu, and compare to π -conjugated
molecules and graphene. We show that, regardless of their edge
shape and their chemical edge structure (armchair or chiral vs
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chevron geometry, nitrogen-doped vs undoped edges), GNRs
have a backbone adsorption height that is similar to that
of π -conjugated planar molecules on the respective surfaces
[10,11,13,14], seemingly confirming that the interaction of
the carbon honeycomb lattice with the metal determines the
interaction strength and therefore also the adsorption height. In
the light of this finding it is all the more surprising that graphene
exhibits a very different adsorption height. As we will argue
below, this is an immediate consequence of its dimensionality.

II. EXPERIMENTAL DETAILS

All experiments were conducted in ultrahigh vacuum at
a base pressure below 10−9 mbar. As precursor molecules
for the on-surface nanoribbon synthesis we employed
10,10′-dibromo-9,9′-bianthryl (DBBA) to synthesize the arm-
chair 7-AGNR on Au(111) [5] and the chiral edge (3,1)-
GNR on Cu(111) [15], 6,11-dibromo-1,2,3,4-tetraphenyl-
triphenylene (DBTPTP) and 6,11-dibromo-1,4-diphenyl-2,3-
di(4′-pyridyl)-triphenylene (2N-DBTPTP) for the chevron
CGNR [5] and the nitrogen-doped chevron NCGNR [16],
respectively (Fig. 1). After depositing the precursors on the
metal, the samples were annealed at Tan = 500–550 ◦C to
trigger polymerization and cyclodehydrogenation according
to published recipes [5,15–19]. We also prepared (3,1)-
GNR/Cu(111) at lower annealing temperature Tan to pinpoint
the effect of edge dehydrogenation which is promoted by
increasing temperature [17,20]. The formation of GNRs was
confirmed by x-ray photoelectron spectroscopy (XPS) at off-
Bragg conditions (cf. the Supplemental Material, Figs. 1 and
2 [21]).

Note that two different types of GNRs have been reported
to form on Cu(111) from the DBBA precursor, 7-AGNR
[17], and (3,1)-GNR [15]. Details have been discussed in
the literature [15,17,22–27]. The difference between these
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FIG. 1. Structure formulas of (a)–(c) the precursor molecules
and (d)–(f) graphene nanoribbons. Note the nonplanar geometry of
all precursor molecules. Different types of chemically inequivalent
carbon atoms are marked: C1, atoms of the backbone; C2 and C3,
different types of edge carbon atoms.

two types of GNRs is barely traceable in XPS, because both
nanoribbons have the same ratio of the edge carbon atoms
and the backbone carbon atoms (C2/C1) (cf. Fig. 1). In the
present work, we assign the GNRs synthesized from DBBA to
(3,1)-GNR, because our annealing temperature is close to that
used in Ref. [15].

To grow graphene on Cu(111) we further annealed
NCGNR/Cu(111) at 775 ◦C. The successful preparation of
graphene was confirmed by the following observations: (1)
Only one carbon component (C1) is present in the XPS spec-
trum [Fig. 2(c)], (2) low-energy electron diffraction (LEED)
shows an arclike intensity close to the Cu(111) spots [cf.
Supplemental Material, Fig. 3(a) [21]], and (3) angle-resolved
photoelectron spectroscopy (ARPES) reveals a Dirac cone with
the Dirac point at a binding energy of 0.4 eV [cf. Supplemental
Material, Fig. 3(b) [21]]. The quality of graphene is comparable
to that reported in Ref. [28] as LEED and ARPES data show.

To determine the adsorption heights we applied the nor-
mal incidence x-ray standing-wave (NIXSW) technique [12]
which combines dynamical x-ray diffraction and photoelectron
spectroscopy. NIXSW measurements were performed at the
beamline I09 of the Diamond Light Source in Didcot, UK. In
the NIXSW experiment, the C 1s and N 1s core-level spectra
were recorded as a function of photon energy hν close to the
(111) Bragg condition of Au and Cu single crystals (2635 and
2970 eV, correspondingly). Photoelectron yield data were fitted
with the program TORRICELLI [29], taking the angular resolu-
tion of the electron analyzer and angle-dependent nondipolar
correction parameters [30–32] into account. The fitting models
for XPS spectra that we used in our NIXSW analysis are shown
in the Supplemental Material, Fig. 2 [21].

The NIXSW fits result in coherent positions P i
c and coherent

fractions F i
c for each distinct species i. P i

c is related to the
average adsorption height with respect to the bulk-extended
Bragg planes and F i

c to the width of the height distribution.
The adsorption heights habs for Au(111) are corrected for

the herringbone surface reconstruction. This reconstruction

FIG. 2. (a)–(c) Experimental C 1s XPS spectra measured in off-
Bragg condition at photon energy hν = 2990 eV (symbols) and fitting
models (solid lines) for (a) CGNR nanoribbons, (b) NCGNR nanorib-
bons, and (c) graphene on Cu(111). (d) Experimental photoelectron
yield curves (symbols and error bars) and fits (solid lines) for graphene
and various carbon and nitrogen species of NCGNR/Cu(111). (e),(f)
Off-Bragg N 1s XPS spectra for NCGNRs on (e) Au(111) and (f)
Cu(111).

leads to a sinusoidal buckling of the topmost Au layer with
a vertical amplitude of approximately 0.15 Å [33] and an
averaged outward relaxation of the topmost layer by 0.071 Å
[34]. The Cu(111) contraction due to the surface relaxation [35]
is below the NIXSW uncertainty and was therefore neglected.
The van der Waals (vdW) radii used to transform absolute
adsorption heights habs into vdW–reduced adsorption heights
hvdW are listed in the Supplemental Material, Table 1 [21].

hAu

vdWh vdWh

vdWrAu
vdWrCu

CGNR/Au(111) CGNR/Cu(111)

abs

hCu
abs

C

Au

C
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FIG. 3. Illustration of the hvdW definition. Dashed circles are van
der Waals spheres with radii rvdW

Au , rvdW
Cu , and rvdW

C . For simplicity,
carbon atoms are drawn in on-top positions.
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III. RESULTS

A. Chemical composition of the graphene nanoribbons

After on-surface GNR synthesis, we carried out x-ray
photoemission spectroscopy with a photon energy a few tens of
eV above the Bragg energy. This serves two purposes. On the
one hand, the XPS spectra confirm the successful synthesis of
the desired GNR, and on the other hand, the analysis provides
fitting models for the subsequent standing-wave experiments
with photon energies around the Bragg energy.

Figures 2(a)–2(c) show the off-Bragg C 1s spectra of CGNR
and NCGNR nanoribbons and graphene on Cu(111). Note
that only exemplary data are displayed (cf. Supplemental
Material, Fig. 2 [21], for data on other GNRs). The C 1s

spectra of CGNRs, and also 7-AGNR and (3,1)-GNR, consist
of two peaks separated by approximately 0.4 eV. The peak at
284.3 eV in Fig. 2(a) is assigned to sp2-hybridized C atoms
with bonds to three other C atoms [carbon backbone, labeled
C1 in Figs. 1(d)–1(f)] and the less intense peak at smaller
binding energy (283.9 eV) to the atoms at the GNR edge
[labeled C2 in Figs. 1(d)–1(f)], in agreement with Ref. [17].
We stress that the C2 component may include contributions
from atoms in dissimilar states. In particular, one may expect
differences in local adsorption configurations of individual
atoms and the dehydrogenation of some of the edge atoms
due to the high-temperature treatment [17,20]. For the chevron
nanoribbons (CGNRs and NCGNRs) we moreover separate
edge atoms of types C2 and C3 [Fig. 1(f)]. In the case of
NCGNRs these two species can be spectroscopically differ-
entiated due to a chemical shift caused by nitrogen atoms in
the immediate environment [Fig. 2(b)]. The intensity ratios
C2/C1 for 7-AGNR, (3,1)-GNR and CGNRs and C3/C2/C1
for NCGNRs agree well with the stoichiometry of the cor-
responding nanoribbons. The spectrum of graphene includes
only the C1 component [Fig. 2(c)].

The N 1s spectra of NCGNRs on Au(111) and Cu(111)
consist of two components N1 and N2 [Figs. 2(e) and 2(f)].
It is known that NCGNRs tend to cluster on Au(111) [36],
caused by hydrogen bonding of the N atoms to neighboring
GNRs [7]. We assign the N2 component to atoms involved in
this interribbon bonding, while N1 atoms are ascribed to atoms
that do not take part in this interaction. The large chemical
shift is a consequence of different adsorption heights for these
two species (see below). It is well known that intermolecular
interactions can cause substantial height differences [37], and
such height differences in turn may cause substantial chemical
shifts [38]. The splitting of N1 and N2 of NCGNRs on Cu(111)
[Fig. 2(f)] suggests that NCGNRs tend to cluster on Cu(111)
as well. Because at the junction between two NCGNRs only
half of the N atoms are involved in bonding [36], the expected
N2/(N1 + N2) intensity ratio ranges from 0 (no interribbon
bonding) to 0.5 (all ribbons bond). The observed N2/(N1 +
N2) ratios of 0.38 (Au) and 0.35 (Cu) are in this range.

B. Adsorption heights of the graphene nanoribbons

To measure the adsorption height of nanoribbons and
graphene we employed NIXSW technique, which provides the
adsorption heights of chemical species relative to the Bragg
planes of the substrate crystal, extended from its bulk to the

0.8

1.0

1.2

1.4

1.6

1.8

2.4

2.6

2.8

3.0

3.2

3.4

DIP HBC

2.2

2.4

2.6

2.8

3.0

3.2

PTCDA

DIP

PTCDA

50
0°

C
55

0°
C 31

0°
C

41
5°

C
55

0°
C

50
0°

C

55
0°

C

}

55
0°

C

77
5°

C

h  (Å)Au Au(111) h  (Å)CuCu(111)

52
0°

C
C

G
N

R

N
C

G
N

R

N2N1C2C1 C3

gr
ap

he
ne

C
G

N
R

N
C

G
N

R

7-
A

G
N

R

(3
,1

)-
G

N
R

}}}}}}

vdWrC
vdWrN

abs absh  (Å)     
vdW

C2+C3

}

FIG. 4. Absolute adsorption heights habs
Au for various species, as

indicated by the symbols, on Au(111) (left panel) and habs
Cu on Cu(111)

(right panel), as well as vdW-reduced heights hvdW (central axis)
for different GNRs and graphene. The dashed lines denote van der
Waals radii of carbon rvdW

C (black) and nitrogen rvdW
N (blue) [40]. The

solid black lines show adsorption heights of perylenetetracarboxylic
dianhydride (PTCDA) [10,11], diindenoperylene (DIP) [13], and
hexa-peri-hexabenzocoronene (HBC) [14]. Numbers in red specify
annealing temperature Tan.

near-surface area [12]. In the following discussion we use both
absolute adsorption heights habs and vdW–reduced adsorption
heights hvdW, defined as the heights above the van der Waals
spheres of the substrate atoms [39]. The two are related
by hvdW = habs − rvdW

substrate, with rvdW
Au = 1.66 Å and rvdW

Cu =
1.40 Å [40]. A graphical representation of hvdW and habs is
given in Fig. 3. vdW-reduced adsorption heights have proven to
be a valuable quantity to rationalize the adsorption of organic
molecules on surfaces and, in particular, to demonstrate the
differences in adsorption mechanisms at surfaces of different
chemical reactivity [32,39,41].

Figure 4 shows habs and hvdW for the various components of
different nanoribbons on Au(111) and Cu(111). Corresponding
coherent positions P i

c and coherent fractions F i
c are listed in

Table I. A first important observation is that both habs and hvdW

of the GNR backbone (C1) strongly depend on the substrate
but barely on the type of GNR, although on Cu(111) the spread
between the various GNRs is slightly larger. On Au(111),
with habs

C1 � 3.2 Å, hvdW
C1 is only 0.15 Å below the vdW radius

rvdW
C of carbon atoms. In agreement with Refs. [19,42–44],

this indicates a physisorptive interaction of the C1 backbone
with the metal. Thus, the GNRs essentially float on the
spill-out electron density outside the surface, whose cutoff is
approximately given by rvdW

Au [39], hence hvdW
C1 ≈ rvdW

C [41].
On Cu(111), where habs

C1 � 2.65 Å, hvdW
C1 is 0.55 Å smaller than

rvdW
C and the nanoribbons thus penetrate the electron density

at the surface, which points to a chemisorptive interaction of
the GNR backbone with the metal [41].

The high coherent fractions Fc of C1 atoms found in
all NIXSW measurements (>0.8, cf. Table I) prove a high
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TABLE I. Coherent positions Pc, coherent fractions Fc, and
absolute adsorption heights habs of carbon and nitrogen atoms for 7-
AGNR (Tan = 550 ◦C), CGNRs (Tan = 520 ◦C), and NCGNRs (Tan =
500 ◦C) on Au(111) and (3,1)-GNR (Tan = 550 ◦C), CGNRs (Tan =
550 ◦C), NCGNRs (Tan = 550 ◦C), and graphene (Tan = 775 ◦C) on
Cu(111). The Fc exceeding unity in case of C1 components of (3,1)-
GNR/Cu(111), CGNR/Cu(111), and NCGNR/Cu(111) are due to
technical issues caused by the wide angular acceptance of the electron
analyzer [31] and a possible nonlinear response of its microchannel
plate detector [45]. These issues are known to have only a negligible
effect on the coherent positions. The relatively low Fc for graphene
can be attributed to a possible vertical corrugation (cf., e.g., Ref. [46])
or to structural defects of graphene grown from GNR precursors at
a much smaller temperature than the temperature usually used for
graphene synthesis [47].

Pc Fc habs (Å)

Au(111)
7-AGNR C1 0.39 0.89 3.20 ± 0.03

C2 0.12 0.46 2.59 ± 0.05
CGNR C1 0.38 0.98 3.18 ± 0.03

C2 0.25 0.40 2.88 ± 0.09
NCGNR C1 0.42 0.82 3.27 ± 0.02

C2 0.13 0.39 2.59 ± 0.07
C3 0.33 0.15 3.07 ± 0.11
N1 0.10 0.18 2.51 ± 0.06
N2 0.21 0.40 2.78 ± 0.11

Cu(111)
(3,1)-GNR C1 0.24 1.13 2.59 ± 0.03

C2 0.18 0.37 2.45 ± 0.10
CGNR C1 0.27 1.21 2.67 ± 0.02

C2 0.04 0.95 2.19 ± 0.06
NCGNR C1 0.28 1.04 2.69 ± 0.03

C2 0.23 0.90 2.59 ± 0.06
C3 0.27 0.80 2.67 ± 0.05
N1 0.18 0.61 2.48 ± 0.04
N2 0.33 0.49 2.79 ± 0.07

Graphene C1 0.49 0.61 3.13 ± 0.02

degree of vertical order. Importantly, the adsorption heights
of the GNR backbones are similar to those of graphene-
like planar molecules such as perylenetetracarboxylic dian-
hydride (PTCDA), diindenoperylene (DIP), and hexa-peri-
hexabenzocoronene (HBC) (see Fig. 4), both on Au(111)
and Cu(111) [10,11,13,14], suggesting a similar adsorption
mechanism [41] for these molecules and GNRs. In particular,
the especially strong attractive chemical interaction of the
honeycomb lattice in the GNR backbone with Cu, evidenced
by hvdW

C1 < rvdW
C , is also found for molecules [32].

C. Internal distortions of adsorbed nanoribbons

We now discuss the distortion of the GNRs upon adsorption
as evidenced by the height differences between their backbones
(C1 atoms) and edge atoms (C2, N1, and N2). The distortion
reveals further details of the GNR-substrate interaction. On
Au(111), the edge carbons C2 of 7-AGNR and NCGNRs are
�0.7 Å below the carbon backbone atoms C1. This is a massive
distortion that suggests substantial edge dehydrogenation,
which at our annealing temperatures (see Fig. 4) is indeed

expected [20], followed by the formation of local covalent
bonds between the C2 atoms and the Au(111) substrate.

Remarkably, with habs
C2 �2.6 Å the C2 adsorption heights for

7-AGNR/Au(111), NCGNR/Au(111), (3,1)-GNR/Cu(111),
and NCGNR/Cu(111) are almost identical, i.e., nearly inde-
pendent of the type of nanoribbon and even the surface. This
suggests similar bonding configurations of the C2 atoms in
these cases. The lateral position at which the least dependence
of the adsorption height on the substrate and specifically its
rvdW

substrate is expected is the hollow site between three substrate
atoms. We therefore conclude that carbon edge atoms C2 pref-
erentially sit in hollow sites of the (111) surfaces from where
they form local bonds with Au and Cu. Note, however, that
this local C2-metal bond has little influence on the adsorption
height of the C1 backbone. On Au(111), in particular, Pauli
repulsion from the metal keeps the C1 atoms far above the C2
atoms. In contrast, on Cu(111), where also the backbone C1
interacts chemically with the substrate, the C2 vs C1 distortion
is hence much smaller.

For NCGNRs, the N1 atoms on both surfaces are found
at similar adsorption heights as the carbon edge atoms C2
(habs

C2 �habs
N1 �2.5 Å), and moreover the variation of habs

N1 between
Cu(111) and Au(111) is small. This suggests that N1 atoms
also form local bonds to the metal, with a common bonding
configuration on the two surfaces. The N2 atoms are found
�0.3 Å above the N1 atoms. This is consistent with their
assignment to N atoms that take part in interribbon bonding, as
this weakens the interaction with the substrate and lifts them
up [37].

According to Fig. 1(f), in the case of NCGNRs we also need
to distinguish between standard carbon edge atoms C2 and
carbon edge atoms in the vicinity of N atoms (C3). On both
Au(111) and Cu(111), the C3 atoms have an adsorption height
that is larger than that of the C2 atoms. This is a consequence
of their attachment to nitrogens, some of which are lifted due
to interribbon bonding. In line with the larger overall C1 vs
C2 distortion on Au(111), the distance between C2 and C3 is
�0.5 Å for Au(111), but only �0.1 Å for Cu(111). The low
coherent fraction Fc = 0.15 of C3 on Au(111) is caused by the
fact that not all nitrogen atoms are at the same height.

Edge atoms for CGNRs merit a separate discussion. Be-
cause CGNRs on Au(111) tend to cluster [48], the adsorption
heights of C2 and C3 edge atoms will differ if interribbon
contacts that only affect C3 are present. However, for CGNRs
we cannot differentiate between C2 and C3 in x-ray photoe-
mission spectroscopy [Fig. 2(a)], in contrast to the situation
for NCGNRs where nitrogen serves as a chemical marker
to distinguish C2 atoms from the N-coordinated C3 atoms.
Hence, for CGNRs the NIXSW analysis yields an average
adsorption height for C2 and C3. The observed value of
habs

C2/C3 = 2.9 Å in Fig. 4 can be qualitatively explained by
a C2 adsorption height close to that of other nanoribbons
(habs

C2 �2.6 Å as for NCGNRs) and a C3 adsorption height that
is increased by lateral interactions to habs

C3 �3.0 Å. On Cu(111),
the edge atoms of CGNRs are strongly attracted to the metal
(Fig. 4). This is consistent with a weaker tendency to form
lateral contacts to neighboring nanoribbons (cf. Ref. [48]),
resulting in low heights of both C2 and C3.

We note that the vertical coherence of all atoms (C1, C2, C3,
N1, and N2) for all GNRs on Cu(111) is found to be noticeably
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higher than on Au(111), where the herringbone reconstruction
reduces the coherence.

The effect of the annealing temperature Tan, illustrated
in Fig. 4 for the example of (3,1)-GNR/Cu(111), reveals
further aspects of the substrate bonding mechanism. Raising
Tan from 310 to 550 ◦C results in an increasing degree of
dehydrogenation and lower adsorption heights of edge carbon
atoms C2. At the same time, the adsorption height of the
backbone C1 increases by approximately 0.1 Å. Note that
the comparison of CGNRs to 7-AGNR on Au(111), as well
as CGNRs to (3,1)-GNR on Cu(111), fits into this trend of
anticorrelated C1 vs C2/C3 adsorption heights, suggesting that
the mechanism that underlies this anticorrelation (see below)
is of a general nature and does not only apply to the Tan series
recorded for (3,1)-GNR/Cu(111).

IV. DISCUSSION

Summarizing our findings up to this point, we reach two
main conclusions: First, as evidenced by substantial internal
distortions, GNR edges react with both Au(111) and Cu(111),
producing some small variations also of the adsorption height
of the GNR backbone. Second, however, the latter is predom-
inantly controlled by the interaction of carbon honeycomb
lattice with the electron density in front of the metal surface,
as revealed by the similarity with molecular adsorption heights
for which this mechanism is well established [41].

In the light of these findings we now turn to graphene.
The adsorption height of graphene on Cu(111) is measured
to be 3.13 Å (Fig. 4), corresponding to a hvdW that is even
0.03 Å larger than rvdW

C , in agreement with theory [49–51].
This raises the question of why the two-dimensional lattice
of graphene on Cu(111) does have a much larger adsorption
height than graphenelike planar molecules and GNRs on the
same surface. After all, the honeycomb lattice of the backbone
which, as we have seen, determines the adsorption height
of GNRs essentially irrespective of vertical distortions at the
edges of the GNRs is the same in all three cases—molecules,
GNRs, and graphene.

We suggest that the observed effect is a direct result
of dimensionality and can be explained by a simple model
that describes the interaction between the carbon honeycomb
lattice and the substrate by a combination of Pauli repulsion,
pushback effect, and chemical interaction [32,39,41]. The
pushback effect [52] holds the key, because in its way of acting
there is a crucial difference between zero-dimensional (0D)
and one-dimensional (1D) adsorbates on the one hand and
two-dimensional (2D) adsorbates on the other. In the case of
planar molecules (0D) and GNRs (1D) the charge pushed back
beneath the adsorbate can partially escape sideways around
the adsorbate, allowing the adsorbate to sink into the spill-out
charge density [“cushion effect,” cf. Fig. 5(a)] and establish
a chemical interaction with the substrate. In contrast, because
2D graphene is extended in both lateral directions, the charge
cannot escape sideways but is pressed, for symmetry reasons,
perpendicularly into the bulk. This is energetically unfavor-
able, with the result that graphene experiences an additional
repulsion, preventing a chemical interaction even in the case
of the reactive Cu(111) surface. Generally speaking, GNRs
therefore do not constitute a good model system for the bonding

(a)

(b)

FIG. 5. Charge redistributions at the nanoribbon/metal interface.
(a) Schematic illustration of the spill-out charge redistribution (blue
arrows) for adsorption of planar molecules and graphene nanoribbons.
(b) Schematic illustration of the annealing-induced change of the
(3,1)-GNR/Cu(111) geometry.

of an extended graphene sheet to a metal surface. Although
their internal electronic delocalization is graphenelike in one
direction, their finite width in the other direction adds a decisive
aspect that enables them to bind to a metal surface significantly
more strongly.

The validity of this interaction model for graphenelike ad-
sorbates is confirmed by several additional observations. First,
the model allows us to understand the anticorrelation of the C1
and C2/C3 adsorption heights that we have mentioned above.
When the C2/C3 edge atoms move towards the substrate, they
displace charge, which in turn pushes up the backbone C1
[Fig. 5(b)]. Second, the fact that among all GNRs reported in
Fig. 4 the smallest hvdW on Cu(111) is found for (3,1)-GNR,
i.e., the one having the most narrow footprint, is naturally
explained by this interaction model, because the narrower the
GNR the easier is the redistribution of the spill-out charge
density from underneath the GNR. Interestingly, an analogous
observation holds true for graphenelike planar molecules: the
narrow pentacene molecule shows a smaller adsorption height
on Cu(111) [53] than perylene derivatives [11,13].

V. CONCLUSIONS

A systematic study of the adsorption heights of graphene
nanoribbons on close-packed noble-metal surfaces and the
comparison of these data with other adsorbates exhibiting
a carbon honeycomb lattice has revealed the importance of
the adsorbate’s dimensionality for its adsorption height. The
influence of dimensionality in turn is a direct consequence
of the pushback and cushion effects at metal surfaces. Our
observations suggest that before planar adsorbates of the type
studied here can engage in chemical interaction with the
(close-packed) metal substrate, they have to overcome Pauli
repulsion by displacing some of the spill-out charge of the
metal. This allows them to come sufficiently close to the
surface to establish chemical bonding, including, e.g., wave-
function hybridization and charge transfer. If this displacement
is impossible, for instance due to the dimensionality of the
adsorbate, then Pauli repulsion has the capacity to suppress
chemical interactions between adsorbate and substrate. The
interaction model developed here for the case of graphenelike
planar adsorbates appears to be applicable to other 2D materials
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[54] as well and is therefore of a more general nature. It thus
offers important insights into the interaction mechanisms at
metal surfaces, in particular the balance between repulsive and
attractive interactions.
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