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Understanding adsorption
geometry of organometallic
molecules on graphite

Seungtaek Oh?, Jungyoon Seo'?, Giheon Choi'? & Hwa Sung Lee%?**

To comprehensively investigate the adsorption geometries of organometallic molecules

on graphene, Cp*Ru* fragments as an organometallic molecule is bound on highly oriented

pyrolytic graphite and imaged at atomic resolution using scanning tunneling microscopy (STM)

(Cp” =pentamethylcyclopentadienyl). Atomic resolution imaging through STM shows that the
Cp*Ru* fragments are localized above the hollow position of the hexagonal structure, and that the
first graphene layer adsorbed with the fragments on the graphite redeveloped morphologically to
minimize its geometric energy. For a better understanding of the adsorption site and molecular
geometry, experimental results are compared with computed calculations for the graphene surface
with Cp*Ru* fragments. These calculations show the adsorption geometries of the fragment on the
graphene surface and the relationship between the geometric energy and molecular configuration.
Our results provide the chemical anchoring geometry of molecules on the graphene surface, thereby
imparting the theoretical background necessary for controlling the various properties of graphene in
the future.

Recently, graphene with highly ordered carbon nanostructures has garnered significant interest as a smart mate-
rial with high electrical and thermal conductivities and excellent mechanical properties'~. Bandgap control in
graphene is one of the most important and tantalizing research topics in the graphene community because it
may ultimately enable new applications in digital electronics®’, pseudospintronics®, terahertz technology®',
and infrared nanophotonics'"'?. A number of approaches have been proposed or implemented to control the
bandgap in graphene, such as using uniaxial strain'>!4, graphene-substrate interactions!>', lateral confinement'’,
and breaking the inversion symmetry in bilayer graphene'®. Among them, adhering or bonding the atoms/
molecules on the graphene surface can effectively control the bandgap because of the large surface-to-volume
ratio of atoms/molecules that can be easily adsorbed on its surface'**. However, comprehensive investigations
into the adsorption behavior of molecules on graphene surfaces are insufficient, although the understanding and
interpretation of the molecule-graphene interaction is a fundamental research field.

As a model to investigate the adsorption behavior of molecules on graphene, organometallic compounds
were considered in this study because of their diverse applications in surface science and nanotechnology, such
as catalysis?, tribology?*’, molecular electronics®, and molecular magnetism®*%. In particular, an organometal-
lic molecule containing the Cp'Ru* fragment (Cp’ = pentamethylcyclopentadienyl) is ubiquitous in complex
chemistry and their thermal and photochemical behaviors as well as reactive intermediates for selective reac-
tions have garnered significant attention?*~?%. The Cp'Ru*-graphene complex can be obtained via the reaction
between Cp'Ru(CH;CN);PF, and arenes, in which the relatively labile acetonitrile ligands are readily substituted
by a 6m-electron donor?. To analyze individual Cp'Ru* fragments adsorbed on arene structures, it is important
to select graphene substrates that are highly uniform over a wide area. Hence, highly oriented pyrolytic graph-
ite (HOPG) was selected in this study to model an atomically perfect graphene surface using the mechanical
exfoliation method.

We investigated the adsorption behavior of Cp'Ru* fragments on a graphene surface exfoliated from high-
quality HOPG surfaces. The purpose of this study was to comprehensively investigate the identification of indi-
vidual organometallic adsorbates via specialized local measurements and then to test the design criteria for
adsorbing an organometallic compound on graphene. The advent of surface probing techniques such as atomic
force microscopy (AFM) and scanning tunneling microscopy (STM) has resulted in increasing interest in the
study of the adsorption behavior and geometric configuration of individual molecules on substrate surfaces.
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Furthermore, a comprehensive theoretical geometry of the Cp'Ru* fragment on the graphene surface was devel-
oped by performing computational functions of molecular mechanics calculations.

Experimental

Sample preparation. Pentamethylcyclopentadienyltris(acetonitrile)ruthenium(II) hexafluorophosphate
[Cp Ru(CH;CN),PF,] and HOPG with ZYH grade were purchased from Aldrich Chem. and Advanced Ceram-
ics Corp., respectively. To prepare Cp'Ru*-graphite, the HOPG was mechanically cleaved using 3M scotch tape
in air and immediately dipped into a Cp"Ru(CH;CN);PF; solution based on ethanol at room temperature. After
the reaction or prior to the characterization, the HOPG surface was sufficiently washed with copious amounts of
ethanol and distilled water and then dried by blowing N, gas.

Characterization. The presence of the Cp'Ru* fragment was characterized via Fourier transform infrared
spectroscopy (FT-IR, Perkin Elmer System 2000) and X-ray photoelectron spectroscopy (XPS). The XPS spectra
were recorded on a VG ESCALAB 220i spectrometer using Mg Ka radiation (1253.6 eV), which was operated
at 15 kV and 20 mA. To exclude the effect of [Cp'Ru(CH;CN);]* residue on the substrate, the substrate was
washed with copious amounts of ethanol prior to the measurements. To visualize the Cp'Ru* fragments on the
HOPG surface, we used an atomic force microscope (Digital Instruments NanoScope III) and a scanning tun-
neling microscope (Digital Instruments NanoScope III). PtIr tips were used in the STM measurements. During
the STM measurement, an insulating liquid, 1-phenyloctane (Aldrich Chem.) was used between the tip and the
surface to allow high-quality atomic-scale imaging. During operation, the bias voltages and tunneling currents
were varied from -10 to -500 mV and from 50 pA to 1 nA, respectively, to obtain high-quality images. A confo-
cal backscattering Raman spectrum with a spot size of approximately 4 um? was measured using a 40X objec-
tive focused through the cell window. Furthermore, 3.2 mW of 633 nm He-Ne laser was used as the excitation
source.

Geometry calculation. The geometric configurations of Cp Ru*-graphite were calculated from the molec-
ular mechanics force field using the Polak-Ribiere algorithm in HyperChem Professional 8.0. To realize the
graphite structure in the program, we used a five-layer graphene structure with 18 x 16 unit cells for each gra-
phene (i.e., 576 carbon atoms).

Results and discussion
To obtain an atomically flat graphene surface that exhibits a perfect lattice of thousands of angstroms, HOPG was
used by applying the mechanical exfoliation method. [Cp"Ru(CH;CN);]* reacts readily with a various types of
arenes to form #°-bound metal-arene complexes by coordination covalent bond, as shown in Fig. la. To adsorb
Cp'Ru* fragments on the graphene surface, we used the dipping method. The presence of Cp'Ru* fragments
on the graphene substrate was verified via FT-IR and XPS. Figure 1b shows the FT-IR spectra as a function of
the reaction time. The pristine graphene substrate exfoliated from HOPG showed no indication of CH;-related
peaks. As the reaction time progressed, the bands at 2922 and 2870 cm™!, assigned to the asymmetric and sym-
metric methyl (CH,) stretching modes of the methyl groups in Cp’, respectively’®*!, increased sequentially. These
results show that the Cp” fragments originating from Cp'Ru* reacted to the graphene surface as the reaction
time progressed. Other verifications of the Cp'Ru* fragments bound on the graphene surface can be confirmed
through changes in Ru conditions, derived from XPS analysis. As shown by the XPS results in Fig. 1c, the peak at
465.3 eV corresponding to Ru 3ps,, was observed in the case of dried Cp'Ru(CH;CN);PF, solution on the glass
substrate (blue). Meanwhile, the presence of Ru 3p;,in the dropped Cp RuL,PF; solution on the graphene (or
HOPG substrate), was confirmed by the peaks at 462.3 eV, which induced a coordinative reaction between the
Cp'Ru* fragments and the graphene surface (green and red)*>-*. This peak shift is important for explaining the
reaction between Cp'Ru* and the HOPG surface. The Ru* atoms in [Cp Ru(CH;CN);]* and Cp'Ru*-graphene
have different atomic environments. In particular, the Ru* in [Cp Ru(CH;CN),]* is bound to acetonitrile ligands
with relatively stronger electronegativity compared with the case involving reaction with the arene structure,
where electrons (or the electron density) were attracted toward itself in a bond. Before discussing our results, it
is noteworthy that the chemical shifts in the core-level binding energy of XPS are often used to investigate the
electronic redistribution or charge transfer upon elements**-¥. The general rule in the interpretation is that the
binding energy of the atom increases with the electronegativity of the attached atoms or groups*-?’. In other
words, the Ru 3p;, peak in [Cp Ru(CH;CN),]* shifts toward a higher binding energy compared with that in
Cp'Ru*-graphite, as indicated by the XPS results shown in Fig. 1c. Based on the FT-IR and XPS results, it is clear
that the Cp'Ru* fragments were successfully bound on the graphene surface to form #°-bound metal-arene com-
plexes by a coordination covalent bond during dipping the HOPG substrate in the [Cp Ru(CH;CN);]* solution.
Confirming the adsorption sites of the individual molecules is crucial for understanding the anchoring
geometry on the graphene surface. STM, which is one of the most sophisticated techniques for analyzing two-
dimensional structural properties, provides detailed high-resolution atomic and molecular information. Fur-
thermore, these studies have been additionally gaining momentum by combining the molecular simulations for
individual systems. Figure 2a shows an atomic-resolution STM image of a pristine graphene surface, obtained
by inserting an insulating liquid (1-phenyloctane) between the tip and surface, at a bias voltage of —50 mV
and a set point current of 100 pA. (In practice, we used a HOPG surface instead of graphene.) On the graphite
surface layer, two types of carbon atoms with nonequivalent types existed: a- and S-site carbons®. The a-site
carbon atoms in hexagonal graphite with ABAB stacking had neighbors directly below the second layer, whereas
the 3-site atoms were located above the hollow site of the layer beneath. These differences were attributed to
the asymmetry of the interlayer interaction between the top layer and the layer located directly below or the
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Figure 1. (a) Schematic illustration of chemical reaction between [Cp'Ru(CH;CN),]* and graphene surface. (b)
FT-IR spectra of graphite as a function of reaction time in 1.25 mM Cp RuL;PF; solution. (c) XPS spectra of Ru
3ps), signal regions for pristine graphite (black), Cp'Ru*-graphites reacted with 1.25x 10~ M (red) and 1.25 mM
(green) solutions, and dried 1.25x 10”7 M Cp RuL,PF; on glass (blue).

Figure 2. STM images of (a) pristine and (b) Cp'Ru*-graphites. Insets in (a) and (b) show enlarged images of
hexagonal lattice structure of graphite and Cp Ru*-fragment bound on graphite lattice structure, respectively.
Cp'Ru*-graphite samples used in our STM experiments were prepared via reaction in 1.25x 107'* M solution for
10s.

structural site asymmetry of the hexagonal graphite. Such asymmetry induced differences in the local density of
states as a consequence of the resulting interlayer interactions; hence, they were detected via STM. According to
previous literature, f3-site carbons are visible as bright spots in STM images. In our STM images, we observed a
hexagonal lattice structure with a distance of 2.48 A between the tops of bright spots corresponding to the -site
atoms, although the effect of drift distortion on the image was observed, as shown in Fig. 2a. Figure 2b depicts
an STM image of the HOPG substrate after Cp'Ru* fragment adsorption at a bias voltage of -20 mV and a set
point current of 150 pA. In the STM images, low-height hazy and particle-like protrusions were observed. We
assumed that the low-height hazy protrusions indicate contamination on the surface induced by the solution
dipping process of the HOPG substrate. Meanwhile, the bright particle-like protrusions were identified as the
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Figure 3. (a—c) Detailed STM images of Cp'Ru* fragment bound variously on graphite lattice structure (left
image) and their geometric configurations (right image). Each geometric configuration of Cp'Ru* fragment on
HOPG substrate show lowest energy states calculated from molecular mechanics force field. Hexagonal meshes
shown in STM images depict graphite lattice structure comprising f3-site carbons located above hollow site. Note
that only one layer of the graphite was represented to clearly express the adsorbed position in the geometric
configuration of Cp'Ru*-graphite on the right of each figure.

Cp'Ru* fragment bound on the HOPG surface, with diameters of 6.41+0.79 A. These dimensions were similar
to the calculated lateral size (7.2 A) of Cp* considering the van der Waals radius of the atoms, although differed
slightly in other aspects. This might be because the STM data were based on the measurement of the tunneling
current between the metal tip and surface rather than van der Waals interactions. In addition to the presence of
Cp'Ru fragments on the surface, we observed uneven bending of the HOPG surface after fragment adsorption
in the STM images, as shown in Figures S5, $6, and S7. The most reasonable explanation for this morphological
change is the redevelopment of the graphene surface for minimizing the system energy, which was induced by
the increase in the compressive surface stress based on the adsorption of Cp'Ru* fragments. To corroborate the
observation in Fig. 2b, the minimum energy configuration of Cp'Ru*-graphene was calculated via a simulation of
the molecular mechanics force field, as shown in Figure S6. The results confirmed that the honeycomb structures
of the graphene surface bound with the Cp'Ru* fragment were concavely bent as the calculation progressed,
thereby corresponding to the STM image of the HOPG surface bound with Cp'Ru* fragments. Discussions
regarding the minimum energy configuration of Cp'Ru*-graphene will be provided in a later section.

For a more detailed analysis of the Cp'Ru* fragment adsorbed on the graphene surface, atomically resolved
STM images of Cp'Ru*-graphene were magnified and sketched in a mesh with crossing points indicating the
position of the -site carbon in the honeycomb structure, as shown in Fig. 2. Figure 3a shows a single Cp'Ru*
fragment bound on the HOPG surface, which is represented as a bright protrusion with a lateral size of 6.2 A.
In principle, the dark spots in the STM image of graphite can either be the lattice site of an a-site carbon or a
hollow position in the honeycomb structure®. By analyzing the height relations among the a-, -, and hollow
sites, these types of sites can be determined®. As shown in Fig. 3a, the center of the Cp'Ru* fragment was above
the hollow position of the carbon hexagon structure, as shown in Figure $6. Two Cp'Ru* fragments with round
and elliptical shapes that were bound to the neighboring hollow sites in the honeycomb are shown in Fig. 3b.
This result can be understood from the simulated geometric configurations of the Cp'Ru*-graphene with the
lowest energy via a simulation of the molecular mechanics force field. Based on geometric calculations and mesh
visualization, the distance between hexagon centers bound with Cp'Ru* fragments was 4.4 A, which was similar
to the molecular lateral size of the Cp fragment. Closely located neighboring fragments might result in a repul-
sion force between each fragment due to the steric effect; therefore, the top-view geometry of one fragment can
be slanted and exhibit an elliptical shape, as shown in the configuration in Fig. 3b. Meanwhile, Fig. 3¢ shows two
Cp'Ru* fragments with sufficient interfragment distance on the HOPG (or graphene) surface. In this case, the
fragments were round, indicating parallel Cp" along the surface; this was observed because a repulsion force did
not occur between the fragments owing the sufficient distance between them. This result is supported by the
calculated geometric configuration with the lowest energy, as shown in the right image of Fig. 3c.

To understand the morphological deformation of the graphene surface, we simulated the geometric energy
variation of the Cp'Ru*-graphene system as a function of the distance between Cp Ru* fragments anchored with
hexagons, as shown in Fig. 4. In our calculation, the geometric energy of Cp'Ru*-graphene included both the
energy variation for the morphological deformation of the graphene surface and that for the anchored geometry
of the Cp'Ru* fragments. This curve demonstrated that the geometric energy was associated significantly with the
distance between the Cp'Ru* fragments, and that it increased considerably in less than 7.65 A (case ®), which is
similar to the lateral size (7.2 A) of Cp. Therefore, we assumed that the increase in the geometric system energy
can be induced primarily by the steric interaction force between the adsorbed fragments. This assumption can
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Figure 4. Simulated geometric energies of Cp'Ru*-graphene anchored with two fragments as a function of
distance between hexagons bound with the fragment.

facilitate the understanding of the geometric configuration of Cp 'Ru*-graphene based on the anchoring distance
between the Cp'Ru* fragments.

In addition, the analysis of an adsorption site and a geometric configuration of Cp Ru*-graphene indicates
the presence of strong #°-binding interactions between Cp'Ru* and the hexagonal structure on the graphene
by inducing a 6m-electron donor. In the STM results shown in Fig. 3b, we observed not only the presence of the
Cp'Ru* fragment on the graphene lattice, but also the slantly deformed Cp'Ru* geometry by the closely located
neighboring fragment. If the binding force of the Cp'Ru* fragment on graphene is weak, then these results will
not be obtained owing to the desorption and movement of fragments. Such behaviors on the surface would result
in fuzzy STM images and would not maintain the increased geometric energy by the structural deformation
of the Cp'Ru*-graphene. For instance, the Cp Ru*-graphene shown in Fig. 3b was calculated to have an energy
of — 208.6 eV, which is 7.5 eV more unstable than that shown in Fig. 3c. This energy difference implies that
the Cp Ru*-graphene with a weak binding force between the Cp'Ru* fragment and the arene structure cannot
maintain its structure.

To consider the possibility of defect formation on the graphene (or HOPG) surface during the adsorption
of Cp'Ru" fragments, we measured the Raman spectra at both the center and step edge of the HOPG surface
shown in Fig. 5a as a function of reaction time. Typically, two bands appear in this range of Raman shift: the D
band (~ 1350 cm™) and G band (~ 1580 cm™')*!. The graphite Raman D band provides evidence of the presence
of intrinsic defects that disrupt the -conjugation and convert sp? carbon atoms to sp* carbon atoms. Therefore,
no D band on the HOPG indicates a high-quality substrate that is free of defects. Figure 5b shows the resultant
Raman spectra at the center of the HOPG surface, and the D band was not observed. This finding is typical for
mechanically exfoliated HOPG samples*2. Upon reacting Cp ' Ru*(CH;CN); on the surface, the D band did not
evolve in the spectra with the reaction times. This result indicates that the adsorbed Cp'Ru* fragments could
not derive the intrinsic or acquired defects, although they caused the morphologically uneven deformation of
the graphene surface. However, on the step edge, the Raman D band evolved as the reaction time progressed, as
shown in Fig. 5¢c. To quantitatively analyze the defect level, we analyzed the Raman D/G peak ratio related to the
defect density, as shown in Fig. 5d. As shown in the results, the D/G peak ratio increased gradually from zero to
0.074 as the reaction time progressed, although the ratio was extremely small compared with those reported the
literature*?. Subsequently, we investigated the origin of the D peak. The D peak was absent on both the step edge
of the pristine HOPG case and the step center of the HOPG case bound to the Cp'Ru* fragments. Therefore, the
adsorption of the fragments above the hexagonal structure on the step edge did not contribute to the intrinsic
defects on the graphene, despite the increase in the D/G peak ratio. To infer the origin of the D peak evolution
on the step edge of the HOPG surface, we analyzed the Cls core level region of the pristine HOPG surface based
on the XPS spectra shown in Figure S8. The Cl1s peak was composed of combinations of other peaks related to
oxidation and can be deconvoluted into sp>-hybridized C-C in the aromatic ring (284.6 V), C-O (286.2 eV), and
C=0 (287.3 eV)*>*, although freshly exfoliated HOPG substrates were used in the XPS measurements. (In this
case, O=C-O contributions (289.1 eV) could not be extracted from the C 1s peaks because of the insignificant
contributions.) The presence of oxygen-related carbon peaks is expected because oxygen molecules easily react
with the dangling bonds at the step edge*!. Therefore, we assumed that the hydroxyl and carbonyl groups at the
edge can result in additional reactions with Ru* in [Cp Ru(CH;CN),]*, inducing sp® carbon structures in the
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Figure 5. (a) Optical microscopic image and schematic section view of HOPG surface with a graphene-layered
structure. Numerous graphite step centers and edges are formed during mechanical exfoliation. (b) G and D
peak Raman spectra on the step center of graphite as a function of reaction time in 1.25x 10~ M Cp'RuL,PF
solution. (¢) G and D peak Raman spectra and (d) D/G peak intensity ratio on step edge of graphite as a
function of reaction time in 1.25x 107 M of Cp RuL;PF; solution. Inset of panel (c) shows enlarged D peak
region of Raman spectra.

honeycomb structure on graphite. Hence, the D peak evolved at the step edge by binding to the fragments, as

shown in Fig. 5d. However, this is merely our speculation; further studies are necessitated to identify the exact
reason.

Conclusions

In summary, we demonstrated the adsorption behavior and geometric configuration of Cp'Ru* fragments on
a HOPG surface with a highly ordered arene nanostructure using STM measurements and calculations. Our
results showed that a Cp'Ru* fragment was localized above the hollow position of the hexagonal carbon structure
in the STM images, and that the HOPG surface adsorbed with the fragments was morphologically redeveloped
by minimizing the geometric energy. In particular, by calculating the geometric energy variation, we discov-
ered that the system geometric energy of Cp'Ru*-graphite increased significantly at distances less than 7.65 A
between the Cp'Ru* fragments, as a result of the steric effect of Cp”. These findings indicated that a combination
of geometric configuration calculations and experimental studies can provide valuable insight into the behavior
of adsorbed molecules for the identification of geometric characteristics and eventual design of more effective
organometallic complexes.

Scientific Reports |

(2021) 11:18497 | https://doi.org/10.1038/s41598-021-97978-x nature portfolio



www.nature.com/scientificreports/

Received: 5 July 2021; Accepted: 26 August 2021
Published online: 16 September 2021

References

1.
2.

3.

10.

11.
12.

13.
14.

15.
. Jorgensen, A. L. et al. Chemically-resolved determination of hydrogenated graphene-substrate interaction. Phys. Chem. Chem.

17.
18.
19.
20.
21.
22.
23.
24.

25.
26.

27.
28.
29.
30.
31.
32.
33.
34.
35.

36.

Teng, C. et al. Ultrahigh conductive graphene paper based on Ball-Milling exfoliated graphene. Adv. Funct. Mater. 27, 1700240
(2017).

Liu, Y. et al. Graphene enhanced flexible expanded graphite film with high electric, thermal conductivities and EMI shielding at
low content. Carbon 133, 435-445 (2018).

Oh, J. et al. Significantly reduced thermal conductivity and enhanced thermoelectric properties of single- and bi-Layer graphene
nanomeshes with sub-10 nm neck-width. Nano Energy 35, 26-35 (2017).

. Wu, Z. et al. Synergistic effect of aligned graphene nanosheets in graphene foam for high-performance thermally conductive

composites. Adv. Mater. 31, 1900199 (2019).

. Kim, T. Y, Park, C.-H. & Marzari, N. The electronic thermal conductivity of graphene. Nano Lett. 16, 2439-2443 (2016).
. Conrad, M. et al. Wide band gap semiconductor from a hidden 2D incommensurate graphene phase. Nano Lett. 17, 341-347

(2016).

. Liu, Y. et al. Highly efficient and air-stable infrared photodetector based on 2D layered graphene-black phosphorus heterostructure.

ACS Appl. Mater. Interfaces 9, 36137-36145 (2017).

. Jung, S. W. et al. Black phosphorus as a bipolar pseudospin semiconductor. Nat. Mater 19, 277-281 (2020).
. Huang, Z. et al. Ultra-broadband wide-angle terahertz absorption properties of 3D graphene foam. Adv. Funct. Mater. 28, 1704363

(2017).

Huang, Z. et al. Graphene-based composites combining both excellent terahertz shielding and stealth performance. Adv. Opt.
Mater. 6, 1801165 (2018).

Guo, Q. et al. Infrared nanophotonics based on graphene plasmonics. ACS Photonics 4, 2989-2999 (2017).

Barcelos, I. D. et al. Infrared fingerprints of natural 2D talc and plasmon-phonon coupling in graphene-talc heterostructures. ACS
Photonics 5,1912-1918 (2018).

Wang, X., Yang, X., Wang, B., Wang, G. & Wan, J. Significant band gap induced by uniaxial strain in graphene/blue phosphorene
bilayer. Carbon 130, 120-126 (2018).

Zhuo, Z., Wu, X. & Yang, J. Me-graphene: a graphene allotrope with near zero Poisson’s ratio, sizeable band gap, and high carrier
mobility. Nanoscale 12, 19359-19366 (2020).

Xu, X. et al. Interfacial engineering in graphene bandgap. Chem. Soc. Rev. 47, 3059-3099 (2018).

Phys. 21, 1346213466 (2019).

Wang, H. S. et al. Towards chirality control of graphene nanoribbons embedded in hexagonal boron nitride. Nat. Mater. 20, 202-207
(2020).

Choi, Y. W. & Choi, H. J. Intrinsic band gap and electrically tunable flat bands in twisted double bilayer graphene. Phys. Rev. B
https://doi.org/10.1103/PhysRevB.100.201402 (2019).

Liang, X.-Y,, Ding, N., Ng, S.-P. & Wu, C.-M.L. Adsorption of gas molecules on Ga-doped graphene and effect of applied electric
field: a DFT study. Appl. Surf. Sci. 411, 11-17 (2017).

Li, F, Tang, M., Li, T,, Zhang, L. & Hu, C. Two-dimensional graphene/g-C3N4 in-plane hybrid heterostructure for enhanced
photocatalytic activity with surface-adsorbed pollutants assistant. Appl. Catal. B 268, 118397 (2020).

Hubbard, P. ], Benzie, J. W., Bakhmutov, V. I. & Bliimel, J. Ferrocene adsorbed on silica and activated carbon surfaces: a solid-state
NMR study of molecular dynamics and surface interactions. Organometallics 39, 1080-1091 (2020).

Zhai, X. et al. Ultrasound-assisted synthesis of wear-resistant Zn-ferrocene composite coatings with high anticorrosive properties
in alkaline environments. Surf. Coat. Technol. 356, 19-28 (2018).

Ezquerra, R. et al. New routes to organometallic molecular junctions via a simple thermal processing protocol. . Mater. Chem. C
7, 6630-6640 (2019).

Guo, E-S., Bar, A. K. & Layfield, R. A. Main group chemistry at the interface with molecular magnetism. Chem. Rev. 119, 8479-8505
(2019).

Arnold, P. L., Dutkiewicz, M. S. & Walter, O. Organometallic neptunium chemistry. Chem. Rev. 117, 11460-11475 (2017).
Tanaka, Y. & Akita, M. Organometallic radicals of iron and ruthenium: Similarities and dissimilarities of radical reactivity and
charge delocalization. Coord. Chem. Rev. 388, 334-342 (2019).

Biberger, T., Zachmann, R. J. & Fiirstner, A. Grubbs metathesis enabled by a light-driven gem-hydrogenation of internal alkynes.
Angew. Chem. Int. Ed. 59, 18423-18429 (2020).

Harrison, D. P. et al. Iron vs. ruthenium: Syntheses, structures and IR spectroelectrochemical characterisation of half-sandwich
Group 8 acetylide complexes. New J. Chem. 45, 14932-14943 (2021).

Koefod, R. S. & Mann, K. R. Ring shift isomerization reaction of monocyclopentadienylruthenium(II) complexes of rubrene.
Kinetic and thermodynamic studies of metal-arene binding selectivity. J. Am. Chem. Soc. 112, 7287-7293 (1990).

Hartman, T. & Sofer, Z. Beyond graphene: Chemistry of Group 14 graphene analogues: Silicene, germanene, and stanene. ACS
Nano 13, 8566-8576 (2019).

Giordano, M. C. et al. Self-organized nanorod arrays for large-area surface-enhanced infrared absorption. ACS Appl. Mater.
Interfaces 12, 11155-11162 (2020).

Xu, C. et al. Ruthenium coordinated with triphenylphosphine-hyper-crosslinked polymer: An efficient catalyst for hydrogen
evolution reaction and hydrolysis of ammonia borane. Appl. Surf. Sci. 466, 193-201 (2019).

Geneste, F,, Moinet, C., Ababou-Girard, S. & Solal, F. Stability of [Ru'(Tpy)(Bpy)(OH,)]**-modified graphite electrodes during
indirect electrolyses. Inorg. Chem. 44, 43664371 (2005).

Nalla, P. et al. Photochemically induced metallization of surface silicon using dinuclear metal carbonyl compounds. Anchoring
of ruthenium to a Si(111) surface through covalent Ru-Si bond formation. Chem. Mater. 17, 5951-5956 (2005).

Zanatta, A. R. & Chambouleyron, I. Local electronegativity and chemical shift in Si and Ge based molecules and alloys. Solid State
Commun. 95, 207-210 (1995).

Escamilla, R. & Huerta, L. X-ray photoelectron spectroscopy studies of non-stoichiometric superconducting NbB,, . Supercond.
Sci. Technol. 19, 623-628 (2006).

. Egelhoff, W. E Core-level binding-energy shifts at surfaces and in solids. Surf. Sci. Rep. 6, 253-415 (1987).

. Inamoto, J. et al. Effect of hydrogen-gas treatment on the local structure of graphene-like graphite. Carbon 163, 162-168 (2020).
. Allen, M. ], Tung, V. C. & Kaner, R. B. Honeycomb carbon: A review of graphene. Chem. Rev. 110, 132-145 (2010).

. Atamny, E, Spillecke, O. & Schlégl, R. On the STM Imaging Contrast of Graphite: Towards a “true” Atomic Resolution. Phys. Chem.

Chem. Phys. 1,4113-4118 (1999).

. Wang, W. et al. Intrinsic carbon-defect-driven electrocatalytic reduction of carbon dioxide. Adv. Mater. 31, 1808276 (2019).
. Quintana, M. et al. Functionalization of graphene via 1,3-dipolar cycloaddition. ACS Nano 4, 3527-3533 (2010).
. Kim, T, Lee, H., Kim, J. & Suh, K. S. Synthesis of phase transferable graphene sheets using ionic liquid polymers. ACS Nano 4,

1612-1618 (2010).

Scientific Reports |

(2021) 11:18497 | https://doi.org/10.1038/s41598-021-97978-x nature portfolio


https://doi.org/10.1103/PhysRevB.100.201402

www.nature.com/scientificreports/

44. Carlsson, J. M., Hanke, E, Linic, S. & Scheftler, M. Two-step mechanism for low-temperature oxidation of vacancies in graphene.
Phys. Rev. Lett. https://doi.org/10.1103/PhysRevLett.102.166104 (2009).

Acknowledgements

This research was supported by the research fund of Hanyang University (HY-2020-2471) and the Basic Sci-
ence Research Program through the National Research Foundation of Korea (NRF) funded by the Ministry of
Education (2021R1F1A1063863).

Author contributions
S.0.and J.S. conducted the main experiments and wrote the main manuscript text. G.C. prepared the Fig. 5. All
authors reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-021-97978-x.

Correspondence and requests for materials should be addressed to H.S.L.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
BY

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:18497 | https://doi.org/10.1038/s41598-021-97978-x nature portfolio


https://doi.org/10.1103/PhysRevLett.102.166104
https://doi.org/10.1038/s41598-021-97978-x
https://doi.org/10.1038/s41598-021-97978-x
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Understanding adsorption geometry of organometallic molecules on graphite
	Experimental
	Sample preparation. 
	Characterization. 
	Geometry calculation. 

	Results and discussion
	Conclusions
	References
	Acknowledgements


