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Abstract

Defects play a critical role for the functionality and performance of materials, but the
understanding of the related effects is often lacking, because the typically low concentrations
of defects make them difficult to study. A prominent case are the topological defects in two-
dimensional materials such as graphene. The performance of graphene-based (opto-)electronic
devices depends critically on the properties of the graphene/metal interfaces at the contacting
electrodes. The question of how these interface properties depend on the ubiquitous
topological defects in graphene is of high practical relevance, but could not be answered so
far. Here, we focus on the prototypical Stone-Wales (S-W) topological defect and combine
theoretical analysis with experimental investigations of molecular model systems. We show
that the embedded defects undergo enhanced bonding and electron transfer with a copper
surface, compared to regular graphene. These findings are experimentally corroborated using
molecular models, where azupyrene mimics the S-W defect, while its isomer pyrene represents
the ideal graphene structure. Experimental interaction energies, electronic-structure analysis,
and adsorption distance differences confirm the defect-controlled bonding quantitatively. Our
study reveals the important role of defects for the electronic coupling at graphene/metal
interfaces and suggests that topological defect engineering can be used for performance
control.
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Graphene, a single atomic layer of graphite, is a versatile material with diverse and
technologically important properties, such as high electrical and thermal conductivity,
mechanical strength, optical transparency, and chemical inertness.> The physico-chemical
properties of the ideal graphene lattice are strongly modified by topological defects,? which
occur intrinsically e.g. as point>® or line defects®® at grain boundaries. Defects influence the
chemical reactivity,'! mechanical strength,® 1214 electron transport,® *> and magnetism*® of
the graphene layer. Defects can also be introduced artificially to tailor the properties of the
graphene sheet through topological design.’

Application in (opto-)electronic devices requires contacting the graphene-based active element
by metal electrodes.'® The resulting graphene/metal interface determines the performance of
the devices.'® It has been proposed that defects play a decisive role in the graphene/metal
interaction and therefore largely determine the interface properties.?® However, top- and
bottom metal contacts of graphene have only been studied for the ideal graphene lattice,
neglecting the influence of topological defects.?! On the experimental side, the scarcity of
related work is due to methodological challenges: Interaction energies, vertical bond distances,
or spectroscopic electronic-structure data can often only reliably be obtained with laterally
integrating techniques, which do not allow to distinguish contributions of the defects from
those of the surrounding ideal graphene lattice.
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Figure 1. Molecular model systems are chosen according to the topology of the ideal graphene
lattice and embedded defects (a). Graphene/metal interface with topological defect (b,c). The
local interaction of a topological Stone-Wales (S-W) graphene defect with a metal surface (b)
is investigated by a combination of computational and experimental methods applied to
embedded defects and related molecular model systems (c). These model systems provide
access to information that cannot be obtained for the embedded defects.

To overcome these difficulties, we combine theoretical studies of defect-containing graphene/-
metal contacts with experiments using a model system that mimics the local chemical and
physical properties of the defect/metal contact, but can be prepared laterally uniform and in
high concentration. Specifically, we approximate the Stone-Wales (S-W) defect by the
nonbenzenoid aromatic hydrocarbon azupyrene, which has the same topology of the carbon
skeleton with two pentagons and two heptagons (5-7-5-7 topology) (Figure 1). The use of a
molecular system to represent the defect embedded in the periodic graphene structure assumes
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that the topology itself plays a crucial role in the interaction with the substrate. Our calculations
of the charge transfer from the metal substrate to the graphene (see below) showed the
interaction to be localized at the defect site. Therefore, it seems valid to study the localized
interaction of an isolated model defect with the metal substrate and transfer the results toward
the embedded defects. It is true that choosing larger polycyclic aromatic molecules
(nanographenes) as model systems would increase the comparability with the embedded
defect, as well as with the ideal graphene layer. However, it is imperative for the model system
to be small enough to employ molecular surface science techniques to gain additional
information which cannot be obtained for graphene. In particular, our molecules can thermally
desorb, therefore enabling us to quantify their interaction with the surface using temperature
programmed desorption.

The S-W defect was chosen because it is a prototypical and ubiquitous intrinsic point defect
of graphene and carbon nanotubes.?>* As a reference representing the topology of regular
graphene, we use the benzenoid isomer of azupyrene, pyrene, which consists only of 6-
membered rings (6-6-6-6 topology). In contrast, the 5-7-5-7 topology of azupyrene is classified
as nonalternant®® and is known to strongly influence its electronic structure.?®?’ In related
previous work, we compared the two-ring nonbenzenoid aromatic hydrocarbon azulene (5-7
topology) to its benzenoid isomer naphthalene (6-6 topology) regarding their interaction with
Cu(111), Ag(111) and Pt(111) surfaces and found that the former binds stronger to all three
surfaces.?®3! Considering the structural analogy, we therefore proposed that nonbenzenoid
defect sites in graphene may induce enhanced graphene/metal interactions. However, these
previous studies were lacking in two essential points: first, the azulene motif rarely occurs as
isolated defect and thus azulene is not a representative model system. And second, these
studies did not include any consideration of the graphene-embedded defect, making them
rather speculative with respect to the graphene/metal interaction.

Here, we address both shortcomings of the previous work: the first by using azupyrene as a
model for the abundant S-W defect, and the second by including a detailed theoretical study
of the embedded defects. We find that S-W defects engage in increased electronic interaction
with a copper (111) surface, compared to regular graphene. At the S-W defect site, our density
functional theory (DFT) calculations show localized electron transfer from the metal to the
graphene sheet. The presence of the S-W defect leads to an overall reduced graphene-metal
distance and to an increased binding energy. All these results are experimentally corroborated
on a qualitative level by the molecular model system.

Results and Discussion

Interface interaction of embedded graphene defects. Figure 2a-c shows the free-standing
optimized structures of the ideal graphene lattice, the embedded S-W defect, and an embedded



5-7 defect as predicted by dispersion-corrected periodic DFT calculations. The three different
graphene structures were placed on a four-layer Cu(111) slab and optimized in a commensurate
superstructure.® While the main object of our study is the S-W defect, we also performed
calculations for the 5-7 defect, because it is the smallest possible unit with the 5-7 topology
and therefore an interesting comparison for the S-W defect.

The defect/metal interaction causes substantial charge redistribution, as shown by the
overlayed charge density difference plots in Figure 2d-i. The ideal graphene lattice (Figure
2d,g), undergoes minor charge rearrangement mostly by electron flow from graphene's -
system and from the first copper layer into the interface region. Both defect structures show
an additional strong, localized charge transfer around the defects. Note that the charge density
rearrangement around the S-W defect in Figure 2e does not reflect the mirror symmetry of the
defect. This is attributed to influences of the underlying Cu surface, which does not have the
same local symmetry as the defect. The charge transfer was quantified using various charge
partitioning schemes (Supplementary Tab. S1), which all show substantial, localized electron
transfer from the metal to the graphene defects.
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Figure 2. Interaction of topological graphene defects with the Cu(111) surface. Left: ideal
graphene lattice, center: with embedded S-W defect, right: with embedded 5-7 defect. (a-c)
Optimized structures of the free-standing graphene lattices. (e-f) Top views and (g-i) side
views of the charge density difference plots for the three graphene structures adsorbed on
Cu(111), isosurface value: 0.0005 e /A3, blue: electron accumulation, red: electron depletion.
(j) Abundance distribution for the adsorption heights of the carbon atoms above the Cu(111)
substrate. Red, ideal graphene; blue, graphene with S-W defect; green, graphene with 5-7
defect. Large unit cells with 456 carbon atoms were chosen to reduce the lateral interaction
between neighboring defects (see Supplementary Figure S1).

The optimized structures also reveal defect-induced changes of the graphene/metal bonding
distances. As shown in Figure 2j, the S-W defect (blue histogram) pulls the whole graphene
lattice closer to the metal, while the atoms constituting the defect are only slightly closer to the
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surface than the rest of the lattice (heights below 3.09 A in the blue histogram in Figure 2j).
For comparison, the 5-7 defect causes substantial corrugation of the graphene sheet, resulting
in a much wider spread of the graphene/metal bonding distances (green histogram in Figure
2j). This structure has a larger average height than the ideal graphene lattice, because the strong
lateral and vertical distortion around the defect makes carbon atoms occupy unfavorable sites
on the metal surfaces. The vertical distortion is partly caused by the required periodicity of the
overall structures, while the lateral distortion is one of the reasons why 5-7 defects rarely
occurs isolated in the real graphene lattice, but instead form annulated chains at rotational
domain boundaries.’

Despite the substantial local charge transfer, the graphene/metal interaction energy of the unit
cell with the S-W defect is increased by only 6 kJ/mol, compared to ideal graphene, because
the distortion-induced registry impairment counteracts the increased bonding. This effect is
even stronger for the highly distorted lattice with the 5-7 defect, which weakens the interaction
by 35 kJ/mol.

The DFT calculations thus predict defect-induced modifications of the interaction between
graphene and a contacting metal surface. Especially the S-W defect causes reduced
graphene/metal distances, larger interaction energy, and enhanced electronic interaction with
substantial charge transfer. Figure 2e,h clearly shows the charge transfer, which represents a
crucial measure for the electronic coupling with the metal surface, to be localized at the defect
site. It is not possible to obtain related experimental data on a quantitative level for graphene
with embedded defects. However, due to the localized nature of the defect/metal interaction,
we are able to circumvent the problem by substituting the defect and the ideal graphene lattice
with the molecular model systems and investigating their interaction with the Cu(111) surface.
Various experimental and theoretical methods applied to the azupyrene/pyrene pair of isomers
prove that the model defect forms the stronger bond to the metal, undergoes pronounced
adsorption-induced changes in the electronic structure, and has a significantly shorter
adsorption distance.

Structure and bond lengths. The constant-height AFM images of azupyrene (Figure 3a) and
pyrene (Figure 3b) reveal the atomic structure of the adsorbed molecules. We determined the
precise adsorption positions and conformations (see Supplementary Figure S2 and S3), which
agree with our DFT calculations (Figure 3f-m). The topography scanlines for pyrene (red and
orange lines in Figure 3d and 3e) reveal a rather flat conformation. The molecule is not curved
or bent and only shows a slight apparent tilt along the long molecular axis (red line in Figure
3e), which may be explained by a mismatch between the Cu(111) lattice and the molecular
dimensions (Supplementary Figure S2).33 In contrast, azupyrene assumes a non-tilted, slightly
bowl-shaped conformation, where the two central C atoms are approximately 15 pm closer to
the Cu(111) surface than the perimeter atoms.
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Figure 3. Low-temperature (LT) AFM measurements revealing the chemical structure and the
apparent adsorption distances of model defect (azupyrene) and reference (pyrene) on Cu(111)
in agreement with DFT calculations. (a,b) Constant-height frequency shift AFM images of
azupyrene and pyrene at z = -100 pm (a) and z = -50 pm (b) with respect to a tunneling set
point of U =100 mV and | = 20 pA. The bright vertical line (red arrow) and elongation of the
right-hand ring of the pyrene molecule are an image artifact due to tip-induced movements of
the molecule (see Supplementary Figure S2 and Supplementary Discussion for details). (c,d)
Reconstructed topography images (i.e., adsorption distance) of pyrene and azupyrene obtained
from a 3D grid measurement of Af(z)-spectra (see Supplementary Figures S2-S4 for details).
e, Topography scan lines of azupyrene (blue, cyan) and pyrene (red, yellow) showing the
difference in the apparent adsorption distance of the molecules. The scan lines are taken along
the dashed arrows in c,d. (f,g) Top views of the DFT optimized adsorbate structures. (h,i)
vertical displacements (in pm) of the topmost copper atoms, compared to the relaxed clean
surface. Positive values (lighter shades of blue) indicate displacement towards the molecule.
(j,k) Side views with the calculated vertical bonding distances. (I,m) Interaction-induced
changes of the carbon-carbon bond lengths relative to the gas-phase structure (in pm).



According to the apparent average adsorption distances, azupyrene is closer to the surface than
pyrene by about 0.9 A (Figure 3e), indicating stronger interaction of azupyrene with the
Cu(111) surface. The measured difference in adsorption distance is larger than the DFT value
of 0.52 A, but this deviation between AFM and DFT distances is in line with previous work
both in general® and on related systems.?® For azulene (chemisorbed) and naphthalene
(physisorbed) on Cu(111), the comparison of the adsorption distances obtained using AFM,
DFT, and normal-incidence X-ray standing wave (NIXSW) measurements showed similar
trends: AFM (0.92 A) and DFT (0.63 A) provided the largest and smallest differences,
respectively, while NIXSW (0.74 A) yielded an intermediate value.?®

Molecule-metal interaction energies. Temperature Programmed Desorption (TPD)
measurements provide quantitative information about the strength of molecule-metal
interactions, if the adsorbate desorbs intact and adsorption is nonactivated.®® Then, the
desorption energy, Edes, is a good approximation for the negative differential interaction
energy.® Figure 4a shows TPD traces for azupyrene and pyrene on Cu(111). For both
molecules, the initial coverage for one trace was one monolayer (1 ML, see Methods section
for definition), while the second trace corresponds to a 0.06 ML coverage for pyrene and about
0.6 ML for azupyrene.

The pyrene monolayer desorbs completely from the Cu(111) surface, according to XPS. In
contrast, desorption of azupyrene occurs only above a residual coverage of 0.53 ML
(Supplementary Figure S5). As shown in Figure 4a, the edge of the TPD trace for the lowest
desorbing coverage of azupyrene is at 630 K, which is considerably higher than in the case of
pyrene (500 K) and thus qualitatively indicates stronger interaction of azupyrene with the metal
surface,30: 37-38

Quantitative TPD analysis using two independent methods (see Supplementary Methods and
Supplementary Figure S7) reveals a pronounced coverage-dependence of Eges due to repulsion
between the adsorption-induced interface dipoles. Most suitable for the assessment of
molecule-metal interaction strengths is the low-coverage range, where repulsion is weakest.
The lowest azupyrene coverage where TPD is feasible is 0.53 ML. At this coverage, Edes is
198 kJ/mol for azupyrene and 130 kJ/mol for pyrene, indicating that the former binds stronger
(+52%) to the metal. Considering the different slopes of the energy curves in Figure 4b, it can
be assumed that this difference increases further towards lower coverages, where the
desorption of azupyrene is prevented by its strong bond to the metal.
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Figure 4. TPD and photoemission (XPS, UPS) data indicating enhanced bonding between the
model defect and the metal. (a) TPD traces of azupyrene and pyrene both for initial monolayer
coverage and a lower initial coverage. See Supplementary Figure S6 for the TPD data of the
intermediate coverages also used in the analysis. (b) Coverage-dependent desorption energies
obtained by analysis of the TPD data with two different methods (see the Supplementary
Methods). (c) Cls photoemission spectra for multilayers and monolayers on Cu(111). The
relative shifts between the two are marked by shaded lines. The asymmetry of the peak for the
azupyrene monolayer indicates hybridization with the metal states of the surface. (d) He-11 UP
spectra of the clean surface (black) and monolayers of azupyrene and pyrene. The
disappearance of the surface state (binding energy of 0.3 eV on the clean surface) shows a
stronger interaction for azupyrene.

Electronic structure. The interaction-related differences of the adsorbate structures and bond
energies correspond to differences in the electronic structures, which are revealed by probing
the occupied electronic states with photoemission spectroscopy (XPS, UPS). They enable us
to discriminate between van-der-Waals dominated physisorption and chemisorption, because
only the latter is associated with significant modifications of the electronic structure.®

First, we compare C1s photoemission spectra of multilayers and monolayers (Figure 4c). The
multilayer spectra, which probe molecules not in direct contact with the metal surface, are
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similar for both molecules. The minor differences in the peak shapes with the slight asymmetry
of the azupyrene spectrum have been explained by the different molecular topologies.?® The
monolayer spectra of the two molecules show much larger differences, indicating their
different interaction with the metal surface. For pyrene, the monolayer and multilayer signals
are very similar regarding binding energy and peak shape, which remains symmetric. In
contrast, the monolayer peak of azupyrene shows a strongly asymmetric tailing and is shifted
by -0.25 eV with respect to the multilayer signal. The asymmetric peak shape can be explained
by final state effects, which occur when density of states (DOS) close to the Fermi energy (Er)
is located at the corresponding atom,* indicating hybridization of molecular orbitals with
metal states in the case of the model defect.

Second, the valence electronic structure was probed by UPS (Figure 4d). Monolayer pyrene
causes partial attenuation of the surface state and a slight shift by 0.1 eV to lower binding
energy, as is typical for flat-lying m-conjugated molecules physisorbed on metals. In contrast,
monolayer azupyrene completely suppresses the surface state and causes increased intensity
over the whole range between Er and the copper d-band, confirming that the molecule-metal
hybridization causes the asymmetry of the C1s peak of azupyrene (see above and Figure 4c).
The photoemission data thus indicate that only the model defect azupyrene, but not pyrene,
forms a chemisorptive bond to the copper surface. The bonding mechanism will be discussed
below in the context of DFT analysis. The increased azupyrene-metal interaction is further
confirmed by a larger work-function change (-1.18 eV for azupyrene and -0.86 eV for pyrene),
as shown in the Supplementary Discussion.

Third, the unoccupied valence electronic structures were probed by NEXAFS spectroscopy.
In Figure 5, the carbon K-edge NEXAFS spectra of multilayers (Figure 5a,b) and monolayers
(Figure 5c,d) on Cu(111) are shown. The lower part of Figure 5 shows the corresponding MO-
projected DFT NEXAFS calculations for both systems.*! In the multilayer spectra, the n* and
o* resonances can clearly be distinguished. The onset of the first =* resonance appears at a
lower photon energy for azupyrene than for pyrene, indicating a lower-lying LUMO of
azupyrene. The dichroism of the monolayer spectra, especially the vanishing ©* intensity at
normal incidence, confirms that both molecules bind with the molecular plane parallel to the
surface. The monolayer spectrum of pyrene taken with 25° incidence angle resembles the
multilayer spectrum, with only slightly broadened =* resonances and some peak shifts at
higher lying transitions, confirming the weak interaction with the metal surface. For
azupyrene, the situation changes distinctly: Its interaction with the metal induces a massive
decrease of overall intensity and a completely different peak shape for the first =* resonance.
As the DFT calculations reveal, these changes are caused by reduced relative intensities
attributed to the C1s—LUMO transition compared to the transitions into higher states.
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Figure 5. Carbon K-edge NEXAFS data reveal the interaction-induced changes in the
unoccupied orbitals of the model defect azupyrene. Experimental spectra: (a,b) multilayers;
(c,d) monolayers of (a,c) azupyrene and (b,d) pyrene. The multilayer spectra were taken with
the electric field vector oriented 53° relative to the surface normal, while the monolayer spectra
were taken with the angles indicated by the color scheme (25°, bold color; 53°, intermediate
color; 90°, faint color). MO-projection analysis of the DFT-calculated NEXAFS spectra of the
free molecules (e,f) and the monolayers (g,h). (e,g) azupyrene; (f,h) pyrene. Contributions of
the LUMO in dark red and those of the higher orbitals in incrementally lighter colors; total
spectrum in black. The calculated spectra were rigidly shifted by -6 eV to match the
experimental energy scale.?® The calculations for the free molecule were already published
elsewhere. 26 4

Analysis of the defect/metal interaction. Periodic DFT calculations (with the D3 dispersion
correction) provide a deeper understanding of the effects governing the different interactions
of the model defect and its reference isomer with the copper surface. Structural information
about the most favorable adsorption site of each molecule as determined by DFT is shown in
Figure 3f-m. The adsorption sites are in good agreement with AFM (see Supplementary Figure
S2).

DFT predicts adsorption distances of 2.43 A (azupyrene) and 2.96 A (pyrene), confirming the
experimental finding that azupyrene binds much closer to the surface. While the pyrene/metal
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interaction does not significantly affect the structure of the molecule and the surface (Figure
3i,k,m), azupyrene and the first Cu surface layer undergo substantial out-of-plane deformation
(Figure 3h,j). The in-plane bond lengths of azupyrene are also affected: All perimeter bonds
and the central bond are elongated, whereas the bonds connecting the central carbon atoms to
the perimeter are shortened (Figure 3I). These changes result from electron donation into the
LUMO, which has a nodal plane intersecting the elongated central bond, but bonding character
with respect to the shortened bonds (see Figure 6 and Supplementary Figure S8). In the
framework of aromaticity models, these changes correspond to a partial transition from a
predominantly annulenoid conjugation along the perimeter in the free molecule to a more
benzenoid conjugation in the adsorbed state (see Supplementary Discussion and
Supplementary Figure S9).

Molecule-metal bond energies (adsorption energies) obtained by DFT calculations confirm
that azupyrene forms the stronger bond to the metal surface. For a quantitative comparison
with the TPD results, which requires a detailed discussion of the coverages and suitable
integration of the TPD energies, see the Supplementary Discussion.

Profound insight into the surface chemical bond was gained by analysis of the interaction
energies using the periodic energy decomposition analysis (pEDA) method with the natural
orbitals for chemical valence (NOCV) extension.*?** The pEDA method divides the
interaction energy between two fragments (here: surface and molecule) into physically well-
defined terms. The NOCYV extension then pinpoints specific orbital interactions as constituents
of the analyzed bond. This analysis shows that azupyrene forms a chemical bond to the surface,
which is characterized by charge transfer from the surface to the molecule's LUMO (and, to
lesser extent, the LUMO+1), in line with the NEXAFS results. In contrast, pyrene shows only
physisorptive interaction, dominated by dispersion interactions and an even positive electronic
interaction term. A more detailed discussion of the pEDA results and the corresponding
convergence calculations is provided in the Supplementary Discussion, Supplementary Tables
S3 to S6 and Supplementary Figure S8. The pEDA agrees with the overall charge density
difference due to the adsorption, which is presented in the form of charge density difference
plots (Figure 6a-d). These show electron accumulation in the shape of the former LUMO for
azupyrene (Figure 6a,b), whereas for pyrene no significant charge transfer is visible (Fig 6c¢,d).
The electronic density of states for the carbon atoms (Figure 6e) shows the substantial
hybridisation of the azupyrene orbitals with the metal states of the surface, leading to a
significant DOS around Er (in agreement with the UPS data), while pyrene shows a clear band
gap.

To quantify the charge transfer at the molecule-metal interface, several charge partitioning
schemes were employed. While the magnitude of the charge transfer is dependent on the
method and varies substantially, all methods consistently show an appreciable charge transfer
for azupyrene (up to 1.40 e) and only a minor charge transfer (less than 0.2 e) for pyrene (see
Supplementary Tab. S1). This confirms the trend seen for the embedded defects (Figure 2),
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where substantial localized charge transfer around the defect was found. For comparison
between the molecular model systems (including azulene as model for the 5-7 defect?®) and
the graphene-embedded defects, it is necessary to consider the molecule-metal bonding
distances (heights). While the model defects are free to optimize their heights, the heights of
the embedded defects are partly influenced by the surrounding ideal graphene network. If the
model molecules are lifted from their equilibrium height to the adsorption height of the ideal
graphene layer, the charge transfer (according to the iterative Hirshfeld partitioning scheme)
is reduced from -0.19 e to -0.04 e for pyrene and from -0.66 e to -0.15 e for azupyrene. Still, a
notable charge transfer remains for azupyrene, which is identical to the charge transfer
occurring locally at the embedded S-W defect site of also 0.15 e (see Supplementary Tab. S1
for details and other charge portioning schemes).

Azupyrene Pyrene

(-1} 000 0©000 0000 000 o o ° ° o

2.0 -

carbon PDOS

Figure 6. DFT-based bonding analysis shows electron transfer from the Cu(111) surface into
the unoccupied LUMO of azupyrene and no charge transfer for pyrene. (a-d) Charge density
difference plots for azupyrene (a,b) and pyrene (c,d). The iso surface value is 0.002 /A2 for
all plots. Red, electron depletion; blue, electron accumulation. (e) Carbon-projected density of
states of the azupyrene (left) and pyrene (right), horizontal lines indicate the gas phase orbital
energies, shifted to account for the work function. Subfigures (a,b) show similarity to the
electron rearrangement surrounding the S-W defect (see Figure 2e,h).
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Using the partial charges for the graphene systems, we are now able prove that the charge
transfer at the graphene/metal interface is localized at the defect sites, as was already suggested
by the charge density difference plots in Figure 2d-i. This is achieved by summations over the
partial charges for different local groups of atoms around the defect site and for the whole unit
cell, as shown in the Supplementary Tab. S2 for both the S-W and the 5-7 defect. The strong
localization of the metal/defect interaction provides a final justification for our approach to
study monolayers of molecular model defects.

Conclusions

Topological defects in graphene, such as the S-W defect, cause enhanced bonding at the
graphene/metal interface, as revealed by increased bond energies, reduced bond distances, and
enhanced charge transfer. The defect-mediated graphene/metal bonding mechanism, which is
clarified by DFT for the embedded defects, is corroborated using molecular model systems.
Experimentally, the bond between a copper surface and the model S-W defect is stronger by
52% (68 kJ/mol) and shorter by 0.9 A, compared to the reference model for ideal graphene.
Spectroscopic data show that the model defect's electronic states hybridize with those of the
metal and that LUMO and LUMO+1 become partly occupied, as is confirmed by DFT. The
agreement between the theoretically predicted influences of defects on extended
graphene/metal interfaces and the experimental and theoretical findings for the molecular
defect models show that the latter are suitable for obtaining experimental information that is
inaccessible for embedded defects. The defect-induced enhanced electronic coupling at
graphene/metal contacts is expected to affect the performance of graphene-based
(opto)electronic devices, e.g. by increasing charge injection rates, suggesting performance
control through topological engineering. Using other nonalternant and nonbenzenoid
nanographenes as model systems, the here applied methodology can be expanded to other
types of defects and thereby contribute to a realistic picture of graphene/metal contacts. Further
work should be devoted to other metals that are commonly used for contacting graphene, such
as gold or titanium, and to polycrystalline materials.

Methods

Experimental Methods. The adsorption of azupyrene and pyrene on Cu(111) was studied under
ultra-high vacuum (UHV) conditions at base pressures below 2 x 1071% mbar.

The detailed synthesis procedure of azupyrene (dicyclopenta[ef,kl]heptalene) is described in
detail in a previous publication.?® Azupyrene and pyrene (Sigma-Aldrich, purity >99 %) were
deposited onto the substrate with a home-build line-of-sight evaporator after initial pump-
freeze-thaw cycles of the reservoirs. The polished Cu(111) single-crystal surface (purity
>99.999 %, roughness <0.01 pm, orientation accuracy <0.4°, from MaTecK/Germany) was
prepared by iterated cycles of sputtering with Ar* ions (1 keV, 15 pA, 30 min) and annealing

15



(800-830 K, 15 min). Surface cleanliness and structure were confirmed by XPS, LEED and
STM. Sample temperatures were measured with a type K thermocouple directly mounted to
the single crystal. Coverages are given in the unit monolayer (ML) according one complete
layer of molecules on the surface. For pyrene on Cu(111) the complete monolayer is formed
by a (4x4) structure corresponding to 0.063 molecules per first layer Cu atom, for azupyrene
the monolayer is formed by a more dense (V13x313) structure (0.077 molecules per Cu atom).

TPD measurements were performed with a HIDEN EPIC 1000 mass spectrometer mounted
inside a differentially pumped cryoshroud for line-of-sight mass spectrometry.

The LT-AFM measurements were performed with a commercial low temperature atomic force
microscope (ScientaOmicron, Germany). The temperature during the AFM measurements was
about 5.2 K, the base pressure in the chamber is below 1-10° mbar. All images and
measurements were obtained with a CO-terminated tip. The g-plus tuning fork sensor® had a
resonance frequency of fres = 25.6 kHz, a quality factor of Q = 30000 and an oscillation
amplitude of A = 70 pm. During the AFM constant-height measurements a small gap voltage
of -0.54 mV was applied to the sample to compensate the voltage offset of the tunneling
amplifier.

XPS and UPS were performed with a PHOIBOS 150 electron energy analyzer equipped with
an MCD-9 multi channeltron detector. For XPS, monochromatic Al-K, radiation from a
SPECS XR 50 M X-ray anode with a FOCUS 500 monochromator was employed. He-11 UP
spectra and work functions were measured with a UVS 10/35 gas discharge source and the
same analyzer set up.

NEXAFS spectroscopy was performed at the synchrotron radiation facility BESSY |l
(Helmholtz-Zentrum Berlin) using the HE-SGM dipole beamline, the partial electron-yield
(PEY) mode was used with a retarding field of -150 V and a channeltron detector voltage of
2.3 keV. The thus obtained NEXAFS data was treated as described previously.?®

Density Functional Theory Calculations. Periodic density-functional-theory calculations were
performed using the Vienna Ab Initio Simulation Package (VASP)* while employing the
generalized gradient approximation (GGA) functional proposed by Perdew, Burke, and
Ernzerhof (PBE)* in combination with the D3 van-der-Waals correction scheme with Becke-
Johnson damping.®“® and the projector-augmented wave (PAW) ansatz®%5! for the atomic
cores. A plane-wave cutoff energy of 350 eV, a vacuum layer of 30 A and a 6x6x1 Monkhorst
Pack k-point grid were chosen, which has been validated in previous studies on similar
systems.?®30 NEXAFS calculations were performed with the code CASTEP-18.1,% using the
ELNES®® module. Transition energies and intensities were obtained with the AIP-TP
method.* % Further technical details of the calculations can be found in the Supplementary
Methods.
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