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Abstract Nitrogen-doped carbon materials containing pyridinic nitrogen (pyri-N) have emerged
as promising functional materials for a variety of applications, including metal-free oxygen
reduction reaction (ORR) catalysis and selective CO- adsorption, yet the role of spin-polarized
unpaired electrons in their activity remains elusive. Here we report an atomic-scale investigation of
a pyridinic-nitrogen-containing molecular catalyst, 1,10-Phenanthroline (1,10-phen), evaporated
under ultra-high vacuum conditions onto an Au(111) surface using scanning tunneling microscopy
and spectroscopy. We observe well-ordered self-assembly of molecules and randomly distributed
molecular clusters, which lie flat on the surface, exposing the nitrogen sites, unlike previous studies
in which the molecules stand on the Au(111) surface with the nitrogen sites down. Tunneling
spectroscopy shows a distinct gap between the highest occupied and the lowest unoccupied
molecular orbitals which roughly matches to the calculated gap, indicating minimal electronic
disturbance upon adsorption. Ex-situ X-ray photoelectron spectroscopy confirms the existence of
the 1,10-phen molecular film on Au(111) surface. The results demonstrate that vacuum deposited
1,10-phen molecular films on the Au(111) surface are promising model catalysts for investigating
the ORR mechanism not only in-situ measurements such as scanning tunneling microscopy and
spectroscopy but also in other ex-situ measurements.
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1 Introduction

Nitrogen-doped carbon materials have attracted considerable attention in a wide range of
applications, including electrocatalysis, gas adsorption, and energy storage, due to their tunable
electronic structures and the potential of low-cost synthesis!' %), Among these applications, their use
as metal-free catalysts for the oxygen reduction reaction (ORR) in fuel cells and metal-air batteries
is particularly significant. Recent studies have demonstrated that, in carbon materials containing
pyridinic nitrogen (pyri-N), the electron transfer is accompanied by a concerted adsorption of
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oxygen molecules, occurring under both acidic and alkaline conditions!!!!2131 where O, denoted
the adsorbed O, molecule on the carbon atom next to pyri-N. In this mechanism, electrons are
injected into the * orbital of pyri-N, generating a spin-polarized unpaired electron, which interacts
with O: to form a bonding orbital, thereby facilitating molecular adsorption.

pyri-NH' + 0, + & 2 0, + pyri-NH (1)
pyri-N + Hzo + 02 + e : O2,a + pyrl-NH + OH- (2)

The potential impact of the unpaired electron’s energy level and delocalization on O. adsorption
has been pointed out in recent studies, emphasizing the importance of this factor!'*I'5!. However, its
detailed role remains largely unresolved. Similar questions arise in CO: adsorption, where pyri-N
also functions as a selective and reversible adsorption site due to its strong Lewis basicity!!®l,
Although chemisorption with adsorption energies exceeding 100 kJ/mol has been reported, the
detailed electronic structure contributions, especially involving the unpaired electron state, are still
unclear.

To clarify the correlation between the molecular structure of pyri-N and its electronic reactivity
at the atomic scale, structurally well-defined model systems are essential. The 1,10-Phenanthroline
(1,10-phen), a heteroaromatic compound containing two pyri-N sites (Ci2HsN) as shown in Fig. 1,
is known to exhibit high ORR activity when supported on carbon!'''?!. However, conventional
solution-based film formation leads to molecular aggregation, causing the nitrogen sites to become
buried and hindering direct investigation of the reaction mechanism!'”) .

Figure 1. Chemical formula of 1,10-phenanthroline (Ci2HsN>)

In this study, we employed vapor deposition under ultra-high vacuum (UHV) to deposit 1,10-
phen on an Au(111) surface, forming flat molecular arrangements with exposed nitrogen sites. This
approach enabled detailed analysis of structural and electronic properties using scanning tunneling
microscopy/spectroscopy (STM/STS). Our STM/STS results show that the 1,10-phen molecules are
physisorbed via weak van der Waals interactions with the substrate and exhibit a different formation
mode than the conventional method. Furthermore, ex-situ X-ray photoelectron spectroscopy (XPS)
confirms that the molecular film persists on the Au(111) surface. This work lays the foundation for
future studies aimed at exploring the proposed spin-related ORR mechanism at the atomic scale.

2 Method

The experiments were carried out using a low-temperature, UHV scanning tunneling microscope
(STM), Unisoku USM-1300 equipped with an RHK R9 controller. For both imaging and
spectroscopic measurements, we used electrochemically etched tungsten tips, which were
subsequently annealed in situ via electron bombardment ~ 1800 °C. We evaluated W tips with a
clean Au(111) surface by imaging the herringbone structures and observing the onset of the Shockley
surface state at ~ 400 mV in the differential tunneling conductance (di/dV) spectroscopy.
Commercial epitaxial Au(111) thin films on mica substrates (200 nm thickness; PHASIS Sarl,
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Neuchétel, Switzerland) were cleaned in ultrahigh vacuum by repeated cycles of Ar* sputtering and
annealing at ~600 °C in a preparation chamber. The molecule used in the experiment was 1,10-
phenanthroline (Wako) with a purity of 97% (confirmed by NMR). After confirming the
characteristic herringbone reconstruction of the Au(111) surface via STM, we evaporated the 1,10-
phen molecules onto the Au(111) substrate at room temperature using a homemade molecular
evaporator heated at ~ 60°C for a few seconds. After the deposition, the sample was transferred to
the STM. All STM/STS measurements were performed at the sample and tip temperatures of 5.7 K
and 77 K and in an ultra-high-vacuum chamber (base pressure of 5.0 X 108 Pa). The d//dV
spectra were taken using a standard lock-in method. The X-ray photoelectron spectroscopy (XPS)
measurements were performed using a JEOL (JPS-9010TR) instrument with an Mg Ka source, and
the pass energy was set to 20 eV. For the XPS data, the C 1s spectra were corrected so that the peak
tops correspond to the literature value of 284.6 eV for the binding energy, and then the correction is
also applied to the N 1s spectrum.

3 Results and discussion

3.1 Structures of 1,10-phenanthroline molecular thin film

As shown in Fig. 2(a), the molecules self-assemble into a two-dimensional long-range ordered
structure, which is composed of one-dimensional (1D) chain-like structure. Closer inspection

Figure 2. (a) STM image of 1,10-Phen deposited on Au(111) surface acquired at 5.7 K (V=100
mV, I; = 150 pA, 20 nm X 20 nm). (b) Close-up STM image of (a) inside black dashed square,
showing molecular dimers forming chain structure. (c) Zoomed image superimposed with a
chemical formula of 1,10-phen. The corresponding 1,10-phen molecules are superimposed with a
molecular model created with Visualization for Electronic and Structural Analysis.
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reveals that each chain is constructed from a repeating S-shaped feature, with an inter-dimer spacing
of approximately 1.0 nm along the chain direction and an inter-chain separation of ~1.8 nm (Fig.
2(b)). By comparing with the molecular geometry, the S-shaped feature can be assigned to a dimer
of two molecules lying flat on the surface as shown in Fig. 2(c). In this configuration, the nitrogen
atoms of neighboring molecules are oriented toward one another. This arrangement suggests that the
formation of dimers, stabilized by intermolecular CH-N hydrogen bonding, serves as the
fundamental structural unit of the 1D chains.

We also observed two distinct adsorption structures on the Au(111) surface: ordered one-
dimensional chains and randomly oriented molecular clusters shown in Figs. 3(a) and (b),
respectively. Line profiles are along the dashed blue line on the dimer in Fig. 3(a) and the black
dashed line on the cluster in Fig. 3(b). The line profile on the dimer shows a double-peak feature
with the peak heights of ~0.9 A while one on the cluster shows a triple-peak feature with the peak
heights with ~0.9 A, ~ 1.0 A and ~0.9 A. This suggests that the center molecule in the cluster, marked
with a red circle, is slightly tilted, while the surrounding molecules adopt a flat-lying configuration
similar to that of the dimer.

Previous studies have reported the vertical adsorption of 1,10-phen molecules on Au(111), with
the nitrogen atoms facing the surface !”-!%), but their STM images are significantly different from
those observed in our study. Solution-based adsorption often involves interactions between the target
molecule and the molecules in the solution, as well as between the target molecule and the surface.
Conversely, molecule—substrate interactions dominate the vacuum evaporation method since no
other molecules or impurities exist in principle. Our results indicate that the flat-lying configuration
is energetically favorable when molecule—substrate interactions dominate. The vacuum evaporation
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Figure 3. (a) STM images of 1,10-phen/Au(111) showing a coexistence of chain structure and
randomly oriented molecular cluster, (b) Zoomed-in image of a molecular cluster, (¢) Line

profile along the blue dashed line in (a), (d) Line profile along the black dashed line in (b).
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method provides direct access to pyridinic nitrogen sites, making it highly suitable for microscopic
studies that clarify ORR activity, and offering a more realistic and functional platform for
investigating the origin of ORR around pyridinic nitrogen sites.

3.2 Tunneling spectroscopy

To elucidate the electronic interactions between 1,10-phen and the Au(111) substrate, we
measured tunneling spectra on top of molecule, as shown in Fig. 4. The two distinct peaks in the
d//dV signal appear around -2.1 V and +2.1 V, which we attribute to the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) peak, respectively. The
resulting HOMO-LUMO energy gap of approximately 4.2 eV is in reasonable agreement with the
theoretical calculations of an isolated 1,10-phen around 4.8 eV!'®l| suggesting that the adsorption
effect on Au(111) is less significant.

In addition to the HOMO and LUMO peaks, step-like or peak-like features are observed in the
vicinity of the fermi level Er. For the reference, we also show the step-like feature of the Shockley
surface state taken on a bare Au(111) substrate, which has an onset at ~ -400 mV. On the molecular
layer, the dI/dV starts increasing at -500 mV but less steep compared with that of a bare Au(111),
and a step appears around -300 mV followed by a broad peak at -60 mV. Similar to the case of picene
on Ag(111)!") the surface state persists after adsorption, indicating negligible hybridization and
charge transfer between the substrate s-derived states and the molecular orbitals, and thus a weak
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Figure 4. Differential conductance (d//dV) spectrum of 1,10-phenanthroline adsorbed on
Au(111), shown as black circles. The spectrum was recorded above a molecule indicated by a
star in the inset STM image, under the tunneling condition V=22V, [;= 0.1 nA, Ve =20 mV,
fmod = 912 Hz . A spectrum of bare Au(111) is also shown as a reference (yellow circles), under
the tunneling condition V=401 mV, I; =200 pA, Vied = 30 mV, fmoa = 761 Hz.
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van der Waals interaction is dominant for the present molecular adsorption. The energy level is
modified by the adsorption of molecules on the Au(111) surface, causing the shifting of the energy
state as often seen for the molecular thin films deposited on noble metal (111) surfaces 1221, We
also observe that the molecular array becomes less stable at higher temperatures ~ 77 K, suggesting
the weak physisorption of the molecules due to van der Waals interactions on the Au(111). These
findings may indicate that while molecular adsorption modulates the surface state energy levels, the
ordered 1,10-phen layer preserves well-defined molecular orbitals and maintains electronic
decoupling from the substrate—making it a promising platform for probing redox-active sites such
as pyridinic nitrogen.

3.3 XPS results

To evaluate the suitability of UHV-deposited 1,10-phen films on Au(111) for ex-situ
characterization techniques, it is crucial to confirm that the molecular layer remains stable after air
exposure. Figure 5 shows XPS spectra taken on 1,10-phen/Au(111) after several days of air exposure.
Clear C 1s and N 1s peaks are visible, proving the existence of 1,10-phen molecular film on Au(111)
surface even after air exposure. The N 1s peak position 399.4 eV is 0.8 eV higher than the
experimentally determined binding energy 398.6 eV for pyri-N of 1,10-phen molecules/CB!?., It is
close to the calculated N1s binding energy 399.7 eV for H, attached 1,10-phen molecules!'?!.
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Figure 5. X-ray photoelectron spectra of 1,10-phenanthroline deposited on Au(111). C 1s is shifted
so that the peak center matches to the literature value 284.6 eV, and N 1s is also shifted with the
same energy offset.
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However, H, has only tiny portions in the air and there is little possibility for it to react with 1,10-
phen molecules. The observed energy shift likely reflects a net negative charging of the molecular
film via electron transfer from the Au(111) substrate, suggesting that the electronic structure of the
film remains active and may even be tuned by the substrate environment—an essential property for
catalytic applications. The purpose of constructing the ORR model catalyst is to analyze the
behavior of pyridinic nitrogen to elucidate the ORR mechanism. Therefore, it is significant that
pyridinic nitrogen can be arranged on the Au(111) surface without any chemical interactions.

4 Conclusion

We have successfully grown 1,10-phen on Au(111) substrates using a vapor deposition method
under UHV conditions and characterized its adsorption behavior and electronic structure by in-situ
STM/STS. This bottom-up approach leads to a flat-lying molecular configuration on the Au(111)
surface. It allows the pyridinic nitrogen sites to remain accessible for potential catalytic reactions
unlike solution-based methods. We confirm that the molecular film stays on the Au(111) surface
even after exposing to the air by XPS measurements. These findings not only clarify the adsorption
geometry and electronic structure at the atomic scale but also establish a robust model platform for
exploring spin-coupled proton—electron transfer mechanisms in ORR, with potential extension to
other catalytic processes such as CO: activation.
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