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Abstract

Ruthenium-based dye molecules hold great promise in the photochemistry and electrochemistry
research fields, ranging from photocatalysis and luminescence to thermal imaging and
photodynamic therapy. However, despite this exciting prospect, thermal sublimation and surface
characterization of these molecules under the ultrahigh vacuum (UHV) is rare. Here, we achieved
successful thermal sublimation of Tris(2,2"-bipyridine)-ruthenium(Il) [Ru(bpy)3**] onto the
Cu(100) surface and investigated the surface decoration using scanning tunneling microscopy
(STM) and non-resonance tip-enhanced Raman spectroscopy (STM-TERS). The experimental
findings are complemented by density functional theory (DFT) and time-dependent DFT (TDDFT)
calculations. Integrating experimental and theoretical analyses facilitates the chemical
characterization of Ru(bpy)3:*" molecules at the single-molecule level, encompassing their charged
state and surface aggregation. Our analysis indicates no quenching of charge or significant charge

transfer from the Cu surface to the molecule's core. The results here provide important chemical



insight into ruthenium-based dye molecules essential for photochemistry and electrochemistry-

related applications.
1. Introduction

Investigating the response and influence of metallic surfaces toward external electric field
sources is of paramount interest for electrode-electrolyte interfaces,' spin dynamics,? and so forth
which affect applications ranging from renewable energy production to materials processing.? For
instance, when a multiply charged system (such as ions or molecules) approaches a metal surface,
it can be viewed as a collection of potential energy, with the main concern being the charge
neutralization on the metal surface.’ It depends on how the charged molecule interacts with the
underlying substrate. Therefore, charge recognition and local chemistry (single-molecule level
information) in surface-adsorbed systems are extremely essential for understanding complex
activity, reactivity, charge distribution, and self-assembly processes. Scanning tunneling
microscopy (STM) offers a direct route to image and visualize the surface-adsorbed molecules
(topographic information) with an atomic spatial resolution by detecting tunneling current between
the tip and sample.*> However, directly adsorbed molecules on a metallic surface are rarely
differentiated between their charged and neutral states by STM.%7 Therefore, examining the
chemical characteristics of surface-bound molecules at the single-molecule level is essential
because even slight alterations in geometry or symmetry reduction can cause variations in the

vibrational features of the charged and neutral states.

Tip-enhanced Raman spectroscopy (TERS), a tandem technique of STM with optical
spectroscopy, offers a way to receive topographic images of single molecules and chemical
identification through Raman spectroscopy, simultaneously.®'® By confining light at a

plasmonically active metallic tip apex (made of Ag or Au) and taking advantage of plasmon-
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enhanced Raman scattering,'” TERS can investigate nanoscale chemistry ranging from

26-30

biomolecules,?*> two-dimensional materials, catalytic systems,’!3® to molecular self-

assembly®”4*

and so forth. Recent high-resolution TERS studies also allow chemical bonds to be
resolved and mapped inside a single molecule.*->° However, there are no reports of TERS being

used to directly detect charge states within a molecule on a metal surface.

Herein, we report a combined STM and TERS investigation to probe a charged ruthenium-
based dye molecule on an atomically flat Cu(100) surface, managing to recognize the charged state

of the molecule. Ruthenium-based dye molecules have aroused significant interest in the
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photochemistry>!>? and electrochemistry®*>* research fields, ranging from photocatalysis,*> and
electrochemiluminescence’® to dye-sensitized solar cells for solar energy.’’ Moreover, these dyes
are significantly useful in applications such as two-photon three-dimensional thermal imaging®®
and molecular encoder-decoder.’® Despite this exciting prospect, however, surface visualization
and characterization of these types of dye molecules are rare.® The prototypical molecule,
Tris(2,2"-bipyridine)-ruthenium(II) (referred to as Ru(bpy)s:**, Figure 1) consists of a central
ruthenium core (in +2 oxidation state) with three bipyridine (bpy) functional groups in the
octahedrally coordinated geometry (D3 symmetry). The primary electronic absorption in the UV-
visible spectrum at around 452 nm is controlled by the central Ru(Il) core through a metal-to-
ligand charge transfer (MLCT) transition.®! This particular molecule is chosen due to the fact that
bipyridine ligands are expected to lift the molecule away from the surface, thereby aligning better
with the plasmonic dipole at the tip-sample nano-junction. In this study, the STM-combined TERS
approach was utilized to observe and chemically distinguish individual Ru(bpy)3*" molecules on

a Cu(100) surface. Furthermore, considering the charge neutralization process, density functional

theory (DFT) and time-dependent DFT (TDDFT) simulations reveal slight differences in the



vibrational spectra of the charged and neutral states [i.e., Ru(bpy)s** and Ru(bpy)s] on Cu(100).
Through a comparison between theoretical and experimental outcomes, we can determine the
charged state of the molecule at the single-molecule level. In addition to elucidating the molecular
surface morphology, adsorption configuration, and charged state on Cu(100), this work
demonstrates the surface aggregation of these molecules which sheds light on generating charged
nano-arrays in the future. While few studies have explored the surface-enhanced Raman
spectroscopy (SERS) of Ru(bpy)s?", this marks the first report of TERS for Ru(bpy)3**, to the best

of our knowledge.
2. Experimental and Theoretical Methods

The experiments were conducted within a variable temperature STM system (UNISOKU,
USM1400) maintained under a base pressure of 4 x10!! torr. The clean surface of Cu(100) single
crystal sample was prepared in a preparation chamber (base pressure 1 x 107'° torr), isolated from
the STM chamber by a gate valve. The Cu(100) surface underwent thorough cleaning through
repetitive cycles of Argon ion sputtering (1 kV, ~2.5 x 107 torr) and subsequent indirect thermal
annealing up to 865 K. The Ru(bpy)s>" molecules [Tris(2,2'-bipyridine)dichloro-ruthenium(II)
hexahydrate, C30H24Clo2Ne6Ru - 6H20] were purchased from Sigma Aldrich (purity > 99%). The
powder was degassed prior to deposition at 410 K for several hours, which got rid of the crystalline
H20 molecules. Following that, they were sublimed onto the Cu(100) surface via a K-cell
molecular evaporator (ACME Technology Co., Ltd.) for 1 min (190 °C) for sub-monolayer
coverage. During thermal sublimation inside UHV, the molecules are anticipated to be deposited
as di-cationic species onto the metal surface.®”> The sample remained at room temperature during
the deposition process. Subsequently, it was transferred to the STM chamber for both STM

imaging and Raman spectroscopy experiments, conducted at a low temperature of liquid nitrogen



(78 K). Electrochemically etched Ag tips were employed for both STM imaging and TERS
experiments.®® To ensure optimal performance, the plasmonically active Ag tips underwent a
cleaning process in the preparation chamber involving Argon ion sputtering (1.5 kV, ~2.5 x 107

Torr) before their utilization in STM and TERS experiments.

TERS experiments employed a 633 nm continuous wave (cw) HeNe laser (LASOS) with
polarization parallel to the tip, functioning as the incoming photon source. Detection of the TERS
signal utilized an iso-plane SCT320 spectrograph (Princeton Instrument) in combination with a
Princeton Instrument PIXIS 100 CCD. A detailed illustration of the home-built optical setup has

been provided in previous literatures.%3-64

DFT simulations were performed to calculate the adsorption of charged- and neutral-
Ru(bpy)s molecules on the Cu(100) surface, which is modeled by a four-layer slab with a (5 x 5)
unit cell. The DFT calculations were carried out using the VASP package® with the projector
augmented wave pseudopotentials®® and the Perdew-Burke-Ernzerhof generalized gradient
approximation.’” An energy cutoff of 400 eV was used for the plane-wave basis set. Only the I'-
point in the Brillouin zone was used considering the large size of the supercell. The van der Waals

1.°% The nonlocal

(vdW) interaction was included by using a non-local correlation functiona
correlation functional is expressed in terms of a density-density interaction formula with a
relatively simple parametrized kernel,®® which is numerically determined in a plane-wave basis.
The atoms in the bottom two layers of the Cu(100) slab were fixed in their equilibrium positions
while the rest of the atoms were fully relaxed. The force convergence criterion is 0.01 eV/A for
the structural optimization. The phonon modes of the adsorbed Ru(bpy)s molecules were obtained

in the presence of the Cu(100) surface (which was kept frozen) by solving the eigenvalue problems

of a dynamical or Hessian matrix based on density functional perturbation theory calculations.®



TDDFT calculations” were employed to determine the Raman intensity of the charged- and

neutral-Ru(bpy)s molecules with the adsorption configuration.
3. Results and Discussion
3.1. Scanning Tunneling Microscopy

Rubpy is an ionic organometallic species [Ru(bpy)s*'] and thus belongs to a class of
molecules that are seldom used for UHV deposition. Electrospray ion beam deposition (ES-IBD)
at suitable energies can successfully deposit ionic Rubpy molecules or molecular fragments onto
surfaces under UHV conditions.”' In this present work, we successfully achieved the thermal
sublimation of these ionic Rubpy molecules onto a Cu(100) surface at a pressure of <1 x 1071
torr. Surface decoration was first demonstrated using constant-current STM topography
measurements after the Ru(bpy)s*" molecules were deposited at room temperature. Figure la
shows a large-scale STM image, where molecules appear as a “dumbbell-shaped” structure,
consisting of two similar ellipsoidal-shaped bright protrusions. Considering the dimensions of a
gas-phase Ru(bpy):*" molecule (octahedrally coordinated geometry), we can assign each bright
protrusion to one molecule, ultimately resulting in the formation of a molecular dimer (Supporting
Information, Figure S1). A thorough examination indicates that these two molecules in the dimer
arrangement are generally oriented parallel to each other (as marked by the green dotted ellipsoids
in Figures 1b—d), and their separation distance varies from around ~0.70 nm to ~1.35 nm (as shown
in Figures 1b—d, Supporting Information, Figure S2). Furthermore, the majority of the molecular
dimers are observed with an intermolecular spacing of 1.01 = 0.04 nm (Figures 1b—c). It is
noteworthy that when the intermolecular spacing increases slightly (e.g., ~1.35 nm as shown in
Figure 1d), the individual molecules seem to exhibit slight deviations from their parallel alignment.

Additionally, molecular aggregations (e.g. dimer structures) were observed to align closely in one
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of two orientations on the surface relative to the close-packed directions of the (100) substrate,

each with equal probability (Figures 1a—d).

As STM severely lacks chemical sensitivity, it cannot provide conclusive information
about the local chemistry of nonplanar surface adsorbates, such as adsorption configuration, and
chemical interaction with a substrate. On the other hand, Raman spectroscopy continues to be an
appealing technique for identifying the chemical signature of a molecule by examining its
vibrational modes. Therefore, after revealing the topographic features, we supplement the STM-
based results with single-molecule TERS measurements, enabling a complete nanoscale chemical

identification of these molecules.
3.2. Non-Resonance Tip-Enhanced Raman Spectroscopy

Ru(bpy)s*" molecules were previously investigated through surface-enhanced Raman
spectroscopy (SERS) and surface-enhanced hyper Raman spectroscopy (SEHRS).”? These
techniques, however, are limited by ensemble averaging and, consequently, are influenced by
multiple molecules within the laser spot size. To achieve a comprehensive understanding,
nanoscale spectroscopic data on the same molecules imaged by STM can offer local chemical
insights, establishing a direct link between topographical and chemical information for a specific
surface area. In this context, STM-TERS emerges as a valuable tool for probing localized surface
structure. By directing laser light at the tip—sample junction of STM, STM-TERS enables the
detection of enhanced Raman fingerprints at the single-molecule level (Figure 2a). Recent studies
have demonstrated the visualization of vibrational normal Raman modes for a single molecule
absorbed on a Cu(100) surface using TERS.” Moreover, high-resolution TERS offers crucial
insights into the newly synthesized two-dimensional (2D) material, borophene,”* and its

interactions with organic and small molecules with exceptional single-chemical-bond
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sensitivity.”””” Hence, we complement our findings derived from STM with TERS, ensuring a

thorough chemical characterization of Ru(bpy)3:** molecules on the Cu(100) substrate.
g Py

When the incident photon energy closely matches the electronic transition [from the
highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO)]
of the molecular system, the resonance Raman effect significantly enhances Raman scattering
intensity. This phenomenon enables precise chemical analysis of surface-adsorbed molecular
systems with single-molecule sensitivity. Recent reports have demonstrated angstrom-scale
chemical characterization, such as identifying two porphodilactone isomers using resonant TERS

).”® However, for Ru(bpy)s?* molecules with

in the visible region with a red laser (633 nm, 1.95 eV
optical absorption (MLCT) mainly in the early visible region (452 nm, 2.74 eV), employing the
same 633 nm laser for excitation results in non-resonant Raman scattering. Non-resonance Raman
scattering is inherently weak, posing challenges in resolving molecular structures compared to the
resonance Raman process. Our work, presented here, reports multiple enhanced Raman peaks from
the adsorbed single Ru(bpy)s:*" molecule on the Cu(100) surface due to our unique design

consisting piezo-driven in-vacuo excitation and collection lenses with large numerical apertures

(NA = 0.4).

Figure 2b presents the single-molecule TERS measurements. It is worth noting that the
Raman spectrum remains featureless when the distance between the tip and sample is relatively
large under the scanning parameters of It = 1 nA and V = 1.0 V. However, upon approaching the
tip and parking it over a single molecule (as indicated by the red circle in Figure 2a) with a higher
current of [t =4 nA and a lower voltage of V=0.1 V, multiple distinct Raman peaks of the adsorbed
molecule are detected, as shown in Figure 2b (red spectrum). The amplified Raman signal can be

explained by the decreased distance between the tip and the sample, resulting in improved



plasmonic field confinement at the tip apex for better detection of single molecules. In contrast,
the Raman spectra obtained with the tip engaged on the Cu surface (green spectrum, It =4 nA and
V = 0.1 V) and with the tip retracted (black spectrum) are featureless, indicating that the Ag tip
remains uncontaminated during the data acquisition and that the enhanced Raman signal arises
from the molecule beneath the tip. Furthermore, the STM images before and after the TERS
experiments (Supporting Information, Figure S3) confirm that the dimer structures remain intact

and unaltered, validating the stability of the molecules under our experimental conditions.

In an effort to gain a complete understanding of the experimental TERS spectrum of the
Ru(bpy)s*" molecule along with the corresponding binding configuration and the charged state,
we performed DFT and TDDFT calculations. First, we performed DFT simulations to obtain the
energetically favorable adsorption configurations of these molecules on the Cu(100) surface. Our
simulation suggests two possible configurations for a charged-Ru(bpy)s molecule [i.e., Ru(bpy)s**]
on Cu(100), that is, Configuration 1 (Figure 3a) and Configuration 2 (Supporting Information,
Figure S4). According to the calculations, charged Configuration 1 is more energetically stable
(by 0.49 eV) than charged Configuration 2. Additionally, we conducted DFT simulations for a
neutral-Ru(bpy)s molecule [i.e., Ru(bpy)s], accounting for the potential for charge neutralization
on the surface. We found that neutral Configuration 1 is also more energetically stable (by 0.66
eV) than neutral Configuration 2. Consequently, Configuration 1 is designated as the adsorption
geometry of the Ru(bpy)s molecules (in their charged or neutral state) on the Cu(100) surface.
Following the configuration assignment, we computed the non-resonance Raman spectra of
Ru(bpy)s*" and Ru(bpy)s for Configuration 1 based on TDDFT calculations and compared them
to the TERS measurements. The simulated spectra were divided into x-, y-, and z-components (as

shown in Supporting Information, Figure S5), and we compared the out-of-plane vibrational



modes (z-components) of Configuration 1 [charged (+2) and neutral species] with the experimental
TERS spectrum based on the expected effects of the selection rules of TERS (Supporting

Information, Figure S6).”

Figure 3b illustrates the comparison between the experimental TERS and simulated Raman
spectra of Ru(bpy)s** [pink spectrum (z-axis)] and Ru(bpy)3 [blue spectrum (z-axis)]. Let us first
analyze the influence of charge on the molecular structure and how it impacts the Raman spectra
(i.e., pink and blue spectra). While the spectral characteristics are more or less similar, there are
discernible differences in the case of charge neutralization (i.e., the transition from the charged
state to the neutral state), as indicated by green dotted rectangles. To begin with, the pink
spectrum's two peaks in the 1600 cm™ to 1500 cm! range have been altered to three distinct peaks
(blue spectrum), which correspond to C—C stretching and C—H wagging modes of 2,2'-
bipyridine functional groups’? (Supporting Information, Figure S7). Secondly, the peak located in
the ~1300 cm™ region (consisting of 2-2" C—C stretching, C—H wagging, C—C, and C—N
stretching modes)’* has been divided into a doublet of two equally intense peaks (Supporting
Information, Figure S7). Lastly, a prominent peak is observed in the ~1100 cm™ region for the
neutral species, dominated by the vibrations of 2,2'-bipyridine structure. Subsequently, the
experimental TERS spectrum (red spectrum) is aligned with the simulated Raman spectra (Figure
3b). A reasonable agreement between the DFT simulations and the experimental TERS is achieved
for the charged-Ru(bpy)s molecule [Ru(bpy)s**, pink spectrum], where the spectral profile and the
majority of the prominent peaks exhibit a close resemblance. It is noteworthy that in the
experiment, some peaks, especially in the region of 1600 cm™ to 1400 cm!, exhibit a minor shift,
which could be attributed to the interactions between the tip and the molecule during spectra

acquisition (as the tip was approached close to the molecule). Such interactions may cause a
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"weak" physical interaction that may perturb the adsorption geometry (slightly) of the Ru(bpy)z**
molecule.’® Based on the DFT and TDDFT simulations and the single-molecule TERS
characterization, we can confirm that the molecules on the Cu(100) surface remain in their charged
state [i.e., Ru(bpy)3**] and do not undergo charge neutralization into the surface. The negligible
charge transfer (as simulated from DFT, Supporting Information, Figure S8) between the Ru(II)
metal core and the underlying Cu surface, as shown in Figure 3a, further supports this conclusion.
The biphenyl groups lift the charged Ru core (Ru?*) by approximately 0.63 nm away from the Cu
surface (Figure 3a) which most likely hinders the charge transfer (i.e., decoupling from the metal
surface), thereby stabilizing the charged species directly on the metal surface.*® Therefore, the
STM-combined TERS technique allows for the identification of detailed information regarding the
three-dimensional binding configuration of the octahedrally coordinated complex molecule and

the recognition of its charged state on the surface.

What remains to be discussed is the formation of molecular dimers and surface
aggregation of Ru(bpy)s*" molecules over the Cu(100) surface. We consider dipole-dipole
coupling interactions as the possible reason for the dimer formation.®! In the gas phase, the
structure of the molecule is symmetric (D3 point group), so the dipole moment is negligible.
However, when absorbed on the surface, the dipole moment of charged-Ru(bpy)s [Ru(bpy)s:**] is
calculated to be 0.15 D (in the X-direction, Figure 4a), parallel to the Cu surface. As the charge
transfer between the molecule and surface remains negligible, the induced dipole is due to
structural deformation (which breaks the symmetry) upon adsorption on the surface. The presence
of a non-zero dipole moment parallel to the surface could allow for various ways for two monomers

to interact with each other, depending on the molecular rotation around the Z-axis. The dipole-
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dipole coupling strength can be represented by |/|, where within point-dipole approximation, J can

be simply expressed as:*?

M M2
4dmeyd?3

J

where p; and p, are the dipole moments (with amplitude p ) of the component monomers, d is
the position vector (intermolecular distance) between two monomers, and & is the permittivity in

the vacuum.

As mentioned, each Ru(bpy):** molecule possesses a nonzero dipole moment in the X-
direction (parallel to the surface). Consequently, there are five possible ways that each dipole can
interact with each other (considering molecular rotation around Z-axis) to form a molecular dimer:
in-line in-phase [(——), Type 1], parallel out-of-phase [(|1), Type 2], orthogonal [(1— and —1),
Type 3], parallel in-phase [(17), Type 4], and in-line out-of-phase [(—<«—), Type 5], as shown in

Figure 4b.%? The associated ] for different dipole phase relations is:

= —— = — = — M(z) = — = =
- = J -, J1r s = Jrsand i =0= ]

Using the coupling strength predicted by the equation mentioned above, we determined the
energy levels (shown in Figure 4c) and found that Type 1 (i.e., in-line in-phase coupling) has the
lowest energy. This indicates that in-line in-phase coupling is the most energetically favorable way
for the two monomers to interact, leading to the formation of the observed molecular dimers (as
depicted in Figure 4b), which is consistent with our STM observations (Figures 1b—d). Therefore,
we propose that the observed molecular dimers on Cu(100) result from Type 1 dipole-dipole

coupling interactions (as assigned in the Supporting Information, Figure S9). The strength of

dipole-dipole coupling increases with decreasing intermolecular distances, (i.e., ] »— & E)’ SO we
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suggest that the formation of molecular dimers involves a delicate balance between attractive
dipole-dipole interactions (which depend on the intermolecular distances) and electrostatic
repulsions (due to the positive charges of the molecules). Along with the dipole-dipole attractive
interactions, the alignment of dimer aggregation relative to the crystallographic direction of the
Cu(100) surface indicates that the surface lattice plays a crucial role in guiding the orientation and
spacing of the molecular aggregates. Hence, the combination of these various factors results in an
average intermolecular distance of ~1.01 + 0.04 nm for most of the dimers (as seen in Figures la—
d). Moreover, at a slightly larger intermolecular distance (e.g., ~1.35 nm, as in Figure 1d), the
strength of "in-line in-phase" coupling weakens, causing the individual molecules to deviate
slightly from their parallel position. Moreover, these dipole-dipole coupling interactions can result
in linear arrays of molecules on the surface, as illustrated in the Supporting Information (Figure
S10). Following this investigation of Ru(bpy)s:*>" molecules on the Cu(100) surface, future work
will focus on one-electron oxidation and reduction reactions [i.e., Ru(bpy):*" and Ru(bpy)s*
respectively] on surfaces, in which redox reactions and spectroscopic measurements will be

performed.
4. Conclusion

In conclusion, the charged state, adsorption configuration, as well as surface aggregation
of Ru(bpy)3** molecules over Cu(100) surface have been explored by STM-TERS in combination
with (TD)DFT calculations. Based on the STM images, molecular dimers are identified. However,
the charge states of the molecules remain ambiguous. Finally, the chemical fingerprints attained
using TERS display a crucial sensitivity to charge states and binding configurations, confirming
that the Ru(bpy)s*" molecule remains in the charged (+2) state on the Cu(100) surface. The

agreement between the experimental and simulated Raman spectra suggests negligible charge
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transfer between the molecule and Cu(100) surface, which is further complemented through DFT
simulations. Moreover, the potential formation of molecular dimers can be theorized through
dipole-dipole attractive interactions, facilitated by the creation of a dipole moment (in-plane) upon
adsorption. For charged organic molecules, understanding their surface aggregation over a solid
surface requires characterizing local chemical effects at the atomic scale. STM-TERS emerges as
an excellent tool for probing the charged state, adsorbed configuration, and surface aggregation of
these organic molecular structures, holding significance for next-generation organic device

fabrication.
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(b)

Figure 1. (a) Large-scale constant-current STM image of Ru(bpy)3:*" molecules on the Cu(100)
surface. (b—d) Zoom-in STM images of molecular dimers with different intermolecular distances
[center to center, ranging from 1.35 nm to 0.70 nm]. The ellipsoidal shape of the molecule was
identified by green dotted ellipsoids. Crystallographic directions are identified. For (b—d), the
lattice direction is identical to (a). STM conditions: It=1nA and V =1.0 V. (e) Chemical structure

of Ru(bpy)s?*.
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Figure 2. (a) Schematic illustration of TERS on Ru(bpy)3*" molecules on the Cu(100) surface. A
633 nm laser excitation was utilized. (b) TERS fingerprint (red) of a Ru(bpy)3** molecule acquired
when the tip is parked (and engaged) over the red spot in (a). The tip-engaged spectrum over the
metal surface (green) and the tip-withdrawn spectrum (black) are featureless. TERS conditions: It

=4 nA, V=0.1 V, Aex = 633 nm, Pacq =0.5 mW, tacq =10s.
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Figure 3. (a) DFT optimized structure (Configuration 1) of Ru(bpy)s*" molecules on the Cu(100)
surface. The Ru(Il) center stays 0.63 nm away from the Cu surface. (b) Comparison between
simulated TERS (z-direction) for Ru(bpy)s** (pink spectrum) and Ru(bpy)s (blue spectrum)

molecule [adsorbed on Cu(100)] and experimental TERS (red spectrum).
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Figure 4. (a) DFT optimized structure (Configuration 1) of Ru(bpy)s*" molecules on the Cu(100)
surface (top view). The dipole moment is calculated to be 0.15 D in the X-direction. (b) Five
different types of dipole-dipole interactions according to dipole phase relation. (c) Energy level of

five different types of interactions for two molecules. Type 1 is the most energetically favorable.
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