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ABSTRACT: The synthesis of atomically precise chemically
active 2D molecular overlayers may be hindered by chemical
interactions with the underlying substrate, especially when based
on chlorophenyl porphyrins. At the same time, the chlorination of
graphene, i.e., the covalent bonding of chlorine atoms with sp2
carbon atoms, is known to have a significant influence on the
electronic properties of pristine graphene. In this study, we deposit
a chlorinated porphyrin molecule, namely 5,10,15,20-tetrakis(4-
chlorophenyl)porphyrin (Cl4TPP), on graphene/Ir(111). Employ-
ing a combined experimental and theoretical approach, we
demonstrate that the porphyrin layer physisorbed on graphene
self-assembles into a periodic square-like arrangement. This carpet-
like growth is unperturbed by the step edges of the substrate,
neither in its periodicity nor in its orientation. In addition, the molecular overlayer is thermally stable and does not alter the
electronic properties of graphene. Remarkably, we show that Cl4TPP does not experience a dechlorination reaction with the
underlying substrate, even after postdeposition annealing temperatures as high as 550 K. Moreover, postdeposition annealing at 700
K suggests the Cl4TPP molecules desorb intact without affecting graphene’s electronic properties. In so doing, we demonstrate the
effectiveness of graphene physisorbed on Ir(111) to both promote the formation and preserve the properties of chemically reactive
2D overlayers based on chlorophenyl porphyrins. These results show physisorbed graphene’s potential as a general templating
material for the formation of highly reactive self-assembled 2D overlayers.

1. INTRODUCTION
Over the past few years, a significant number of scientific
publications and patents have paved the way toward the
commercial realization of graphene-based electronic devices,
including spin filters and giant magnetoresistance devices,1−4

tunable terahertz devices,5−7 or high-frequency large-band-
width electronics,8−11 to mention just a few. In addition,
molecular self-assembly has emerged as a feasible and scalable
route toward the realization of graphene−molecule devices
with tailored properties to expand the scope of their magnetic/
electronic applications.12−16 Magnetic porphyrin molecules
covalently bonded or “wired” to graphene nanoribbons have
been proposed as potential molecular spintronic systems.
However, to exploit their intrinsic magnetic properties, it is
necessary to decouple their spin-carrying orbitals from the
metallic surface, for instance, by lifting with an STM tip.16 This
approach, however, is not scalable to 2D overlayers. To some
extent, graphene can be considered an inert substrate that may
partially decouple organic molecules from any underlying
metallic substrate.17−19 This relative inertness of graphene,
together with its potential to provide an atomically flat surface,
makes it an ideal candidate buffer layer for conserving the

pristine physicochemical properties of self-assembled 2D
molecular overlayers. However, the vast range of molecular
adsorbates requires a clear strategy to rationalize the subtle
interplay between intermolecular forces and molecule−
graphene interactions. This can potentially have a massive
influence on the electronic and optical properties of both the
molecular overlayer and graphene. In this regard, particular
attention has to be placed on chlorine-containing molecules
due to the covalent reaction of chlorine atoms with sp2 carbon
atoms20−24 and the plausible intercalation of metal chlorides
between graphene and the metal substrate.25−27 Chlorine
atoms and chlorine-containing metals can significantly
influence the electronic properties of graphene. Graphene
chlorination can open an electronic bandgap of around 1.2 to
1.7 eV20,28,29 and decrease the Fermi velocity and carrier
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mobility, μ.22,30 However, the latter may be a drawback for
some graphene-based applications, e.g., in high-frequency
devices.31 For this reason, further progress is required to
better understand the interaction of adsorbed molecules with
graphene substrates, especially in the case of chlorine-
containing molecules. Such work will help to selectively tailor
graphene’s electronic properties, open the possibility of using
graphene as an inert surface for molecular self-assembly where
the electronic and optical properties of the molecular overlayer
remain unperturbed, and perform on-surface reactions
controlled by external means such as temperature, light, or
the postdeposition of catalytic adatoms.
In this paper, we present a combined experimental and

computational study of the adsorption of a molecular layer of
chlorinated porphyrins, namely 5,10,15,20-(tetra-4-chloro-
phenyl)porphyrin (Cl4TPP), on a marginally p-doped
graphene/Ir(111) surface. Using a combined scanning
tunneling microscopy (STM), low-energy electron diffraction
(LEED), and density functional theory (DFT) approach, we
can rationalize the molecular self-assembly of Cl4TPP on
graphene/Ir(111). By comparing our X-ray photoelectron
spectroscopy (XPS) and angle-resolved photoemission spec-
troscopy (ARPES) measurements, we characterize the binding
energies of the different molecular components and study the
influence of the organic layer on the electronic properties of
graphene in the vicinity of the Dirac point. Our results show
that the electronic properties of graphene remain unaltered.
Specifically, no change in XPS binding energies, no doping, or
change in the Fermi velocity are observed. This work not only
highlights the relevance of Cl4TPP as a thermally stable
physisorbed organic layer on graphene but also directly shows
its influence, or lack thereof, on the electronic properties of
pristine graphene.

2. METHODS
2.1. Experimental Details. The experiments were

performed in two different ultrahigh-vacuum (UHV) systems:
an STM/XPS system at UNICAMP equipped with a scanning
tunneling microscope (STM) operating at 5 × 10−11 mbar and
an STM/XPS system installed in the PGM beamline (Planar
Grating Monochromator) at the Brazilian Synchrotron Light
Laboratory (LNLS) equipped with an ARPES Specs Phoibos
150 analyzer, an STM, and a LEED, among other facilities.
The Ir(111) single crystal was cleaned by several cycles of

Ar+ sputtering (1200 V at 5 μA cm−2) for 60 min with
subsequent annealing at 1575 K for 10 min. Graphene was
grown by the chemical vapor deposition (CVD) method by
keeping the sample at 1575 K while ethylene (99.99%) gas was
introduced into the chamber at a pressure of 6 × 10−7 mbar.
The pristine graphene sample was transferred to the PGM
beamline with air exposition for approximately an hour and
posterior annealed at 700 K under UHV conditions to remove
atmospheric adsorbates (e.g., water). The feasibility of this
method to obtain graphene samples has been demonstrated in
the literature.32−34 Cl4TPP molecules were deposited in situ in
the PGM beamline, using a Knudsen cell kept at a temperature
of about 570 K, whereas the sample was kept at room
temperature. Two independent SPECS Aarhus 150 STM
microscopes were used for this work: one at UNICAMP and
another at the PGM beamline. The STM measurements were
performed in constant current mode with tungsten tips cleaned
in situ by Ar+ sputtering. All the STM measurements were
performed at room temperature. STM bias voltages were

applied to the sample, and the images were analyzed using the
WSXM software.35

The XPS measurements with synchrotron light were
performed at the PGM Beamline of LNLS36 in normal
emission, with a pass energy of 10 eV and photon energy of hν
= 400 eV. All photoemission peaks were fitted with a
Doniach−Sunjic form convoluted with a Gaussian profile.
The binding energy of the spectra was calibrated by setting the
Ir 4f7/2 bulk and surface components to previously reported
values.37−40 The Doniach−Sunjic shape is characterized by a
Lorentzian width, which takes into account the finite core−
hole lifetime, and by the asymmetry parameter α that describes
low-energy electron−hole pair excitations close to the Fermi
level. The Gaussian distribution describes instrumental broad-
ening, phonon contributions, and sample inhomogeneities.
The inelastic background contribution of the spectra was
removed by Shirley backgrounds.41 After a Shirley background
subtraction,41 the C 1s spectra were fitted using a set of two
Doniach−Sunjic peaks characterized by a Lorentzian width γ =
0.21 eV and an asymmetric parameter α = −0.01 convoluted
with a small Gaussian contribution. The Cl 2p spectra have
been fitted using Doniach−Sunjic lines characterized by a
Lorentzian width γ = 0.46 eV and an asymmetric parameter α
= −0.10.
The ARPES measurements were performed at a sample

temperature of 61 K with a photon energy of hν = 102.4 eV. At
this photon energy, the π-band of graphene is expected not to
diminish its photoemission intensity close to the Fermi energy
EF.

42,43 At this point, it is worth highlighting our experiments’
energy and angular resolution. At 61 K the energy resolution,
including thermal broadening contribution, is ∼40 meV with
an angular resolution of 0.1°.

2.2. Computational Details. DFT calculations were
performed using a linear combination of atomic orbitals
(LCAOs)44 to represent the Kohn−Sham (KS) wave functions
within the projector-augmented wave method (PAW)45 code
GPAW.46 Double-ζ-polarized (DZP) basis sets were used for
all atomic species to represent the KS wave functions. We
employed Perdew, Burke, and Ernzerhof’s (PBE)47 implemen-
tation of the generalized gradient approximation (GGA) for
the exchange and correlation (xc) functional and Grimme’s
semiempirical correction (PBE-D3)48 to describe van der
Waals (vdW) interactions at the D3 level. We used a grid
spacing of h ≈ 0.2 Å, a 1 × 3 × 1 k-point sampling, and an
electronic temperature of kBT = 0.1 eV extrapolating all
energies to T → 0 and performed structural relaxation of the
adsorbed species until a maximum force Fmax ≲ 0.03 eV/Å was
obtained. To model the Cl4TPP overlayer on the graphene/
Ir(111) surface, we employ two Cl4TPP molecules and a 7 × 6
orthogonal graphene overlayer relaxed on a three-layer Ir
frozen slab of 68 atoms per layer in a supercell of 28.736 ×
15.118 × 25 Å3 with θ = 92°, generated using Ir’s experimental
lattice parameter (a = 3.84 Å), with more than 11 Å of vacuum
between repeated images. This supercell for the Cl4TPP
overlayer on graphene/Ir(111) is commensurate to that found
in ref 49 for Cl4TPP on Ag(111) and is only slightly
compressed (∼5%) relative to our STM measurements (30.4 ×
15.8 Å2). Bader charge transfer50 between the Cl4TPP
overlayer, graphene, and Ir(111) was calculated using the
PAW all-electron charge density as input to the BADER
code.51 STM simulations have employed the Tersoff−Hamann
approximation52 in constant-current mode with a bias of U =
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+1.7 V relative to the Fermi level as implemented in the code
ASE.53

To determine the molecular overlayer’s total energy
dependence on the substrate’s lattice parameters, we
performed calculations for the Cl4TPP overlayer in a vacuum,
stretching the unit cell parameter by up to 7.5% in steps of
0.5%. To reduce any dependence on the calculations’ grid
spacing, these calculations were instead performed using a
plane-wave (PW) representation for the KS wave functions,
with a plane-wave cutoff of Ecut = 600 eV, as implemented in
GPAW.46

3. RESULTS AND DISCUSSION
Before depositing Cl4TPP molecules, the graphene surface was
carefully characterized. STM images show a uniform Moire ́
pattern superstructure unperturbed over extended areas of the
Ir(111) substrate, as shown in Figure S1. From the STM
images, the periodicity of the Moire ́ superstructure is
determined to be 9 times the interatomic distance on
Ir(111) with the [112̅0]gr direction of graphene aligned
along the [11̅0]Ir direction of iridium.54 These results are in
excellent agreement with LEED experiments, where the
satellite spots from the Moire ́ pattern can be observed around
the Ir(111) hexagonal spots (see Figure S1). The well-defined
spots in the LEED pattern suggest long-range order over
extended zones of the surface. The excellent agreement
between LEED and STM measurements, both in the
periodicity and in the orientation of the graphene layer over
the Ir(111) surface, allows us to identify the graphene layer as
the so-called R0 graphene unambiguously.54−56

Next, Cl4TPP molecules were deposited on graphene/
Ir(111) held at room temperature. STM images show a
periodic square arrangement of bright protrusions over the
surface (see Figure 1a). The unit cell parameters are

determined to be a1 = 15.2 Å, a2 = 15.8 Å, and θ = 92 ±
1°. By comparing this unit cell with the size of an individual
molecule in the gas phase (a1 = 13.4 Å, a2 = 13.6 Å),57 it is
clear that only one molecule per unit cell is allowed within this
configuration. This unit cell is incommensurate and breaks the
triangular symmetry of both layers underneath, i.e., the
graphene and the Ir(111) surface, suggesting a relatively
weak molecule−substrate interaction.
A careful analysis of the STM images at the step-edge of the

substrate shows an important difference between the growth of
the molecular layer and graphene. On the one hand, graphene
shows a displacement of the Moire ́ periodicity over the step
edges of the substrate. On the other hand, the molecular layer
remains unperturbed at both sides of the step edges. Figure 1b
shows a step edge of graphene on Ir(111) where a green
hexagonal lattice has been superimposed. While in the upper
terrace (bottom-right corner) the Moire ́ spots are placed inside
the superimposed lattice, in the lower terrace the Moire ́ spots
are shifted outside the superimposed lattice. This shift
originates from a subtle displacement between the graphene
overlayer and the metal surface; i.e., a 0.2715 nm displacement
of the graphene layer in the [11̅0]Ir direction gives rise to an
amplified Moire ́ pattern displacement of t ≈ 2.5 nm.54 Figure
1c shows that the Cl4TPP pattern remains unperturbed on
both sides of the step edges; i.e., all the Moire ́ spots are inside
the superimposed lattice on both the upper and lower terraces.
To gain additional insight into the driving force of the

molecular self-assembly, a partially submolecular resolved STM
image of Cl4TPP on graphene/Ir(111) is shown in Figure 1d,
where individual molecules are imaged as a protrusion with
diagonal rod-like structures pointing toward neighboring
molecules. However, it is worth remembering that the local
density of states (LDOS), measured in STM images, is a
convolution of geometric and electronic contributions from the

Figure 1. (a) STM image of Cl4TPP on graphene/Ir(111) (A = 45 × 40 nm2, U = −1.7 V, I = 0.09 nA). (b) Graphene on Ir (111). A careful
inspection reveals a shift of the Moire ́ pattern over the step edge. (c) Cl4TPP on graphene/Ir(111) with the molecular layer showing continuity
over the step edge. Insets show the 2D-FFT of the STM images (b) and (c). (d) STM image of Cl4TPP on graphene/Ir(111) (A = 5 × 3.6 nm2, U
= +1.7 V, I = 0.65 nA). (e) DFT simulated STM image of the relaxed square-like network. (f) Side and (g) top view of the DFT relaxed structure of
Cl4TPP on graphene/Ir(111) showing the charge transfer of −0.3e from graphene to Ir(111). C, H, N, Cl, and Ir atoms are marked in gray, white,
blue, green, and indigo, respectively. The Ir(111) atoms were omitted for clarity in (g).
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tip and sample,58 so the interpretation of this image is not
straightforward. To better rationalize our results, we have
performed DFT calculations of a Cl4TPP molecular overlayer49

adsorbed on the graphene/Ir(111) surface. First, we adsorbed
a graphene atomic layer on a three-layer Ir(111) slab, relaxing
the graphene until the most energetically favorable config-
uration was obtained. As a result, the graphene layer shows a
mean height of 0.337 nm above the Ir(111) surface and a
corrugation of around ±0.04 nm (cf. Figure 1f). This is in
excellent agreement with X-ray standing wave (XSW)
experiments, where a mean height of 0.338 ± 0.04 nm59,60

was reported. The mean height is almost equal to the interlayer
distance observed for bulk graphite (0.336 nm), suggesting a
relatively weak interaction, i.e., physisorption, of the graphene
layer on the Ir(111) substrate. Next, we placed the Cl4TPP
overlayer on the relaxed graphene/Ir(111) surface, allowing
the molecules to relax. Figures 1e,f,g show the STM simulated
image of our relaxed DFT molecular network,and the side and
top views of our relaxed atomic structures, respectively. Figure
1e shows that the overall structure of the molecules is parallel
to the surface, in good agreement with the so-called saddle
structure of porphyrin molecules.49,61−64 Specifically, we find
the distances between terminal Cl atoms of the Cl4TPP
overlayer on graphene/Ir(111) are 12.9 and 14.0 Å along the
hydrogenated and dehydrogenated pyrrole directions, respec-
tively. This is only somewhat more rectangular than Cl4TPP’s
13.4 × 13.6 Å2 area in the gas phase,57 another indicator of
physisorption. From our DFT supercell, we obtain unit cell
parameters of a1 = 14.368 Å, a2 = 15.118 Å, and θ = 92° per
Cl4TPP molecule of the overlayer, in good agreement with our
STM measurements (see Computational Details for further
details). Furthermore, the DFT unit cell is ∼5% compressed
relative to the experimental cell in order to ensure we have a
unit cell that is commensurate with the Ir substrate. The fact
that this is not the case experimentally, i.e., the unit cell of the
Cl4TPP overlayer is incommensurate with the Ir(111) surface,
is yet another indicator of physisorption.
Both our STM experiments and DFT calculations suggest

the interactions between the Cl4TPP molecular overlayer,
graphene, and the Ir(111) substrate are all relatively weak. To
study the influence of the substrate on the molecular
conformation, we also performed DFT calculations for the

relaxed Cl4TPP overlayer in a vacuum, while stretching the
supercell parameters by more than 7.5%, i.e., ranging between
those of Ir(111) and Ag(111). Remarkably, our DFT
simulations show that the molecule overlayer could easily
accommodate this stretching, with all changes in the total
energy of the system within the accuracy of our DFT
calculations (±50 meV). This suggests molecular interactions
within the overlayer are rather “soft”, long-ranged, and
insensitive to the substrate’s geometry or any corrugation.
These results highlight the key role played by molecule−
molecule interactions in stabilizing the molecular network. In
this regard, our DFT relaxed structures show C−Cl···H−C
hydrogen bonds (dCl···H ≈ 2.5 to 2.9 Å) between chlorine
atoms and phenyl groups of neighboring molecules, as the
main stabilizing force. We also find at the PBE GGA level47

that the Cl4TPP overlayer on graphene/Ir(111) is 0.37 eV/
molecule more stable than the molecular overlayer in gas
phase, consistent with physisorption.
We performed photoemission experiments to gain additional

insight into the chemical environments of the graphene and
Cl4TPP molecules. At this point, it is worth highlighting that
the Ir 4f spectrum has been fitted using a set of two Doniach−
Sunjic peaks characterized by a Lorentzian width Γ = 0.20−
0.25 eV and an asymmetric parameter α = −0.05 to
acknowledge the contributions from its bulk and surface
components (see Figure S2). For this reason, whereas the bulk
components are centered at 60.78 eV (Ir 4f7/2) and 63.80 eV
(Ir 4f5/2), the surface components have peaks centered at 60.25
and 63.29 eV, in agreement with previously reported
works.37−40 This fitting allows us to monitor potential changes
in the chemical environment of both bulk and surface iridium
atoms. The unmodified presence of the Ir 4f surface
component shows that the iridium surface is unaffected by
the graphene layer.32,37,65 Similarly, a set of two components
has been used to fit the C 1s XPS contribution of graphene to
acknowledge the heterogeneous modulation of the carbon
atoms originating from the Moire ́ pattern (see Figure S3).
While the carbon atoms placed in the Moire’́s hills have a
weaker interaction with the Ir substrate than those placed in
the Moire’́s valley, a difference in binding energies is expected.
For this reason, our C 1s spectrum of clean graphene/Ir(111)
shows components centered at 284.12 and 284.27 eV with a

Figure 2. Photoemission spectra. XPS measurements of Cl4TPP on graphene/Ir(111): (a) C 1s spectrum; (b) Cl 2p spectrum. (c) N 1s spectrum.
Each component fit and the Shirley background line are depicted in the XPS images. ARPES measurements of (d) pristine graphene/Ir(111) and
(e) Cl4TPP on graphene/Ir(111).
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ratio of 7:1, in agreement with reported values for monolayer
graphene on Ir(111).37,66

Next, we performed photoemission experiments after
depositing one monolayer of Cl4TPP molecules on our
previously characterized graphene/Ir(111) surface. Figure 2a
shows the C 1s spectrum once Cl4TPP molecules are
deposited on graphene. Here, besides the C 1s XPS
contribution of graphene (gray fit), three additional
components are needed to account for the contribution of
the molecular Cl4TPP layer. These peaks are centered at
284.50, 285.00, and 285.54 eV and are ascribed to C−C, C−N,
and C−Cl, respectively.
Taking into account the density of carbon atoms in both

graphene and the molecular network, 38.2 and 17.9 atoms/
nm2, respectively, the C 1s integrated areas of graphene and
one complete monolayer of Cl4TPP molecules are expected to
show a ratio of ≈2.1:1 (without considering the attenuation of
the graphene’s XPS signal due to the molecular layer). Our
XPS fitting shows a graphene/molecule C 1s ratio of 1.9:1, in
good agreement with the expected value for an almost
complete monolayer of Cl4TPP molecules on graphene.
Now we will focus on the N 1s and Cl 2p contributions from

the Cl4TPP molecular overlayer. Aminic and iminic nitrogens
of the molecule show components centered at 397.95 and
399.99 eV, respectively. The Cl 2p spectrum is characterized
by two components, corresponding to Cl 2p3/2 and Cl 2p1/2,
with a spin−orbit splitting of 1.6 eV. These components have a
binding energy of 200.59 and 202.20 eV ± 0.03 eV, in excellent
agreement with reported values for Cl4TPP and chlorobenzene
molecules.49,57,67 This result shows that no dechlorination of
Cl4TPP molecules is detected after room temperature
deposition on graphene. This is in clear contrast with the
reported dechlorination observed after room temperature
deposition of Cl4TPP direct on metallic substrates, i.e., 40%
dechlorination on Cu(111)57 and 6% on Ag(111).49 More-
over, on Cu(111) the reaction is barrierless, and after 24 h at
room temperature, 100% dechlorination has been observed.57

Overall, this tells us that Cl4TPP interacts strongly with metal
surfaces, especially those that the d-band model68 predicts to
be more strongly binding than Ag(111), such as Ir(111).
Furthermore, even after postdeposition annealing at temper-
atures as high as 550 K, no dechlorination of Cl4TPP is
observed, neither in the C 1s/Cl 2p XPS spectra (see Figure
S4) nor as changes in the STM images of the molecular
networks. At this point, it is worth highlighting that if
dechlorination occurred, we would expect a decrease in the
intermolecular distance, resulting in an STM-measurable
decrease of the unit cell parameters. In fact, reported results
for 5,10,15,20-tetraphenyl-21H,23H-porphyrin (H4TPP) mol-
ecules on graphene found a unit cell 10% smaller than the one
reported by us,69 adding further support for our observations.
Postdeposition annealing at 700 K suggests that desorption of
Cl4TPP molecules occurs without dechlorination and without
affecting the C 1s peak position of graphene (see Figure S4).
These results show the effectiveness of using graphene as a
buffer layer to partially decouple the molecular layer from the
metallic substrate and avoid on-surface dechlorination of
Cl4TPP molecules. All binding energies (Ebind) and full widths
at half-maximum (FWHM) of the deconvoluted peaks in our
XPS measurements are provided in Table 1.
Next, we study the influence of Cl4TPP molecules on the

electronic properties of graphene/Ir(111) by monitoring the
energy-momentum dispersion along the K direction of the

Brillouin zone of graphene. Focusing first on the ARPES image
of pristine graphene/Ir(111), Figure 2d shows the linear
dispersion of graphene π and π* bands in the vicinity of the
Dirac point, where the Dirac cone is slightly shifted below the
Fermi level (EF), due to a marginal p-doping of graphene by
the Ir(111) substrate.43,70−72 Our DFT calculations also show
a charge transfer from graphene to Ir(111) of 0.3 electrons per
supercell, i.e., −0.07 e/nm2, consistent with a marginal p-
doping of graphene by the Ir(111) substrate. However,
simultaneously, the Cl4TPP molecular overlayer remains
completely neutral upon adsorption on graphene/Ir(111)
(see Table S1 for Bader charges of Cl4TPP on graphene/
Ir(111)). This further demonstrates that the molecular−
substrate interaction is purely via physisorption. A decrease in
the photoemission intensity at ≈1.2 eV below EF is observed
(see white arrow in Figure 2d). This faint intensity shows the
opening of a minigap in the energy-momentum dispersion of
graphene and is reported to be originating from the Moire ́
pattern of graphene on Ir(111).43,70,71,73 Last but not least,
Figure 2e shows that after deposition of a monolayer of
Cl4TPP molecule on graphene/Ir(111) the intrinsic properties
of graphene/Ir(111) are preserved; i.e., the Dirac point
remains at ≈0.4 eV below the Fermi level, the Fermi velocity,
obtained from the slope of the conical dispersion,74−76 remains
unperturbed, and the minigaps are observed at the same
position.

4. CONCLUSIONS
In summary, we have demonstrated using STM that Cl4TPP
molecules self-assemble on graphene/Ir(111) into a square
network, which remains unperturbed, in both periodicity and
orientation, by the substrate’s step edges, i.e., carpet-like
growth. Our DFT relaxed structures show C−Cl···H−C
hydrogen bonds mainly stabilize the molecular networks,
with a weak hydrogen bond distance of dCl···H ≈ 2.5 to 2.9 Å.
This yields a Cl4TPP overlayer binding energy on graphene/
Ir(111) of 0.37 eV/molecule relative to the overlayer in gas
phase, consistent with a relatively weak physisorption of the
molecules on the graphene/Ir(111) surface. Furthermore, we
find the Cl4TPP molecular overlayer remains completely
neutral upon adsorption on the graphene/Ir(111). Our
experiments show no dechlorination of Cl4TPP molecules
occurs even at temperatures as high as 550 K. Finally, our
ARPES and DFT results show no change in the intrinsic
electronic properties of pristine graphene. These results not
only highlight graphene’s potential as a general templating
material to decouple highly reactive self-assembled 2D
overlayers from a metallic substrate but also show the
preservation of pristine graphene’s electronic properties.

Table 1. Binding Energies Ebind and Full Width at Half-
Maximum (FWHM) in eV for the XPS Spectra of a
Submonolayer of Cl4TPP Deposited on Graphene/Ir(111)

C 1s C−C C−N C−Cl

Ebind 284.50 285.00 285.54
FWHM 0.74 0.54 0.54

N 1s =N− −NH−
Ebind 397.95 399.99
FWHM 1.04 1.04
Cl 2p Cl−C Cl−C

Ebind 202.20 200.59
FWHM 0.80 0.80
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D.; Feng, X.; Müllen, K. Atomically precise edge chlorination of
nanographenes and its application in graphene nanoribbons. Nat.
Commun. 2013, 4, 1−7.
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