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ABSTRACT: Carbon—hydrogen (C—H) bond activation is pivotal in chemistry.
On-surface C—H activation reactions, generally identified as endothermic
processes, have been extensively explored via the modification of molecule—
substrate systems. In addition, extrinsic components (e.g, O,) have been
introduced to circumvent high energy barriers and steer reaction selectivity.
Specifically, oxygen exhibits unique catalytic behavior in enabling C(sp)—H
activation on Ag(111) in an exothermic way. However, the chemical inertness and
low sticking probability of Ag(111) toward O, prohibit its efficient utilization on
the pristine surface. In this study, through the combination of scanning tunneling
microscopy (STM) imaging and density functional theory (DFT) calculations, we
report an on-surface synthesis strategy for the efficient C(sp*)—H activation of
pyridyl groups on Ag(111) via the cooperative effect of extrinsic O, and Na. The
synergistic interplay between O, and Na has also been systematically elucidated.
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These results would be inspiring not only for harnessing the oxidative potential of O, in C—H activation processes but also for

enriching the toolkit for on-surface synthesis.
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B INTRODUCTION

has shown remarkable efficacy in regulating C—H activation.*®

C—H bonds, representing the most ubiquitous yet relatively
inert chemical linkages in organic frameworks, are highly
valued for their pivotal role in self- or cross-coupling reactions,
particularly for the construction of 7z-conjugated organic
architectures.' > Building upon these intrinsic reactivities,
transition metals provide a versatile catalytic platform for
precise C—H bond activation, enabling stereochemical control
and enhancing reaction efficiency unattainable through
classical approaches.® In this regard, atomically flat transition-
metal surfaces (e.g, Au, Ag, Cu) not only serve as model
systems of catalysts with crystallographically well-defined
structures for on-surface reactions,”® but also provide ideal
two-dimensional platforms for the characterization of nano-
structures.”” Crucially, while a wide range of on-surface C—H
activation reactions have been reported under ultrahigh
vacuum (UHV) conditions,”™" they are generally identified
as endothermic processes and the rate-limiting step in the
coupling reaction cascades. To facilitate C—H activation,
concerted research efforts have been devoted to the engineer-
ing of molecule—substrate interfaces, including variation of
substrate types and orientations,">™' rational design of
molecular precursors,'”’~*” and more.

Moreover, the introduction of extrinsic components into on-
surface molecular reactions has proven to be promising in
circumventing these high energy barriers and steering reaction
selectivity.zo_26 Among others, oxygen, as an oxidative agent,
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For example, it activates the C—H bonds in terminal alkynyl
groups on Ag(111) and Au(111), facilitating the formation of
extended organometallic C(sp)—M—C(sp) (M: metal)
structures.”” " In addition, it promotes the C—H activation
within poly(para-phenylene) on Cu(111) by greatly lowering
the reaction temperature.31 In particular, theoretical calcu-
lations indicate that both oxygen species, i.e., molecular O, and
atomic O, are highly reactive upon adsorption on
Ag(lll),zg‘sz’33 catalyzing such C—H activation in an
exothermic manner, reversely. However, the chemical inertness
and low sticking probability of Ag(111) toward O,”* make it
challenging to efficiently utilize O, to facilitate the activation of
some relatively stable C—H bonds on the pristine surface.
Thus, this underscores the paramount importance of
developing catalytic strategies to harness the oxidative
potential of O, in C—H activation processes.

Herein, a strategy for the oxidative C—H activation of
pyridyl groups (C(sp*)) on Ag(111) was developed based on

the cooperative effect of extrinsic O, and Na, resulting in
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Scheme 1. Selective C—H Activation and Coupling Reaction of DPBP Molecules on Ag(111) at 300 K (Onset Temperature)
Facilitated by the Cooperative Effect of Na and O,, which Is Inaccessible in the Absence of Either Na or O,
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efficient dehydrogenative coupling at room temperature (RT,
~300 K). Inspired by the K-promoted O, adsorption on
Au(111)**® and the alkali metal-promoted reaction activity
and selectivity in catalytic processes,””® the alkali metal Na
was introduced onto Ag(111) to enhance O, adsorption in this
study. The molecular precursor, 4,4-di(pyridin-4-yl)-1,1"-
biphenyl (abbreviated as DPBP, cf. Scheme 1), was selected
to construct the model system, where both pyridine groups act
as anchoring sites to interact with Na atoms.*” ™" Intriguingly,
direct thermal treatment of the DPBP-precovered Ag(111)
sample at 540 K exclusively induced molecular desorption
prior to reaction initiation, with Na incorporation failing to
alter this phenomenon (indicated by the gray dotted arrows at
the top of Scheme 1). In sharp contrast, annealing the same
system under an O, atmosphere enabled dehydrogenative
coupling at 380 K via selective C—H activation at the ortho-
sites (blue arrow, bottom). Remarkably, the addition of Na to
the DPBP-precovered Ag(111) sample at 300 K initiated the
structural transformation (red arrow), with atomically
dispersed Na located at the nodes of the resulting network.
Subsequent exposure to O, triggered the ortho-site C—H
activation and coupling reactions at 300 K (blue arrow,
middle). By a combination of STM imaging and DFT
calculations, we systematically elucidated the reaction
processes and confirmed the synergistic interplay between
extrinsic O, and Na in driving the C—H activation on Ag(111).
In addition, the metadynamics calculations and transition-state
search revealed that the Na nodes enhanced the adsorption
and dissociation of O, on Ag(111), thereby enabling the
oxygen-catalyzed selective C—H activation at RT. Our
combined experimental and theoretical approach unraveled
the indispensable dual role of Na and O, in facilitating the
C(sp?)—H activation on Ag(111). This strategy, developed in
the model system, should be beneficial for the activation of
other robust C—H bonds while advancing the fundamental

understanding of alkali metal promotion effects in heteroge-
neous catalysis.

B RESULTS AND DISCUSSION

Deposition of DPBP molecules on Ag(111) held at ~300 K
yielded a well-ordered windmill-like network structure (Figure
1a). The close-up STM image (Figure 1b) resolved the rod-
like single-molecule morphology within windmill-like four-
molecule units. The DFT-optimized network structure (Figure
1c) and the corresponding simulated STM topography (the
gray part) were further superimposed on the STM image
(Figure 1b) with good agreement. In the structural model, the
terminal N atoms engage adjacent molecules via C—H--N
hydrogen bonds, consistent with previous works."””** Such a
hydrogen-bonding configuration further stabilizes the extended
periodic network. Despite these intermolecular interactions,
DPBP molecules failed to withstand thermal treatment and
desorbed drastically at ~540 K (as indicated in Scheme 1)
prior to any reactions.

Subsequently, Na atoms were dosed onto the DPBP-
precovered sample (Figure 1la) held at ~300 K, resulting in
a structural transformation to the honeycomb-like network
(Figure 1d). The close-up STM image (Figure le) shows the
dim feature at each junction of the network, consistent with a
single Na center interacting with three neighboring DPBP
molecules via electrostatic interactions.’”** The DFT-
optimized coassembled structural model of Na and DPBP
(Figure 1f) further corroborates this scenario, showing an
excellent match with the experimental observations in both
structural periodicity and STM topography, as shown in Figure
le. Notably, subsequent annealing at 540 K also induced the
complete desorption of DPBP molecules without any evidence
of reactions at this temperature or lower.

It has been verified that oxygen enables the efficient C(sp)—
H activation of terminal alkynes on Ag(111) at RT and even
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Figure 1. Dehydrogenative coupling reaction of DPBP molecules on Ag(111) promoted in the presence of both Na and O,. (a) Large-scale and
(b) close-up STM images of windmill-like DPBP structures obtained after deposition at 300 K, overlaid with the DFT-optimized structure and the
corresponding STM simulation (gray part). (c) Top and side views of the DFT-optimized windmill-like network on Ag(111). (d,e) STM images of
honeycomb-like coassembled structure obtained by dosing Na onto the above sample at 300 K, superimposed by the DFT-optimized network and
the corresponding STM simulation (gray part). (f) DFT-optimized honeycomb-like network on Ag(111). C, gray; H, white; N, navy blue; Na,
pink; Ag substrate, light blue. (gh) STM images showing the dehydrogenative coupling reaction of DPBP molecules in the presence of Na, i.e.,
starting from the honeycomb-like network structure in (d), with further O, exposure while annealing the individual samples at (g) 300 and (h) 450
K, respectively. (i) Close-up STM image showing the formation of DPBP-based chains after annealing the honeycomb-like network at 450 K under
an O, atmosphere. Scanning conditions: V = 0.7 V, and I = 0.6 nA.

lower””***° by significantly reducing the reaction barriers and min (180 L) with the sample held at 300 K, covalent oligomers
converting the process from endothermic to exothermic and appeared (as shaded blue in Figure lg), and the Na-
thus directs the reaction pathway. Accordingly, O, was incorporated network was entirely disrupted. Due to the low
introduced into this molecular system as a potential catalyst density of states of Na, the Na-based species cannot be
to promote C(sp?)—H activation of pyridyl groups. Surpris- identified from STM images. Notably, after O, exposure to a
ingly, after exposing the honeycomb-like structure (Figure 1d) similar honeycomb-like coassembled sample at ~1 X 1077
to the O, atmosphere at a pressure of ~2 X 10~ mbar for 20 mbar for 20 min (90 L) while annealing at 450 K, the structure
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was completely destroyed with the formation of long staggered
chains (Figure 1h). The zoomed-in STM image (Figure 1i)
provides more details on the DPBP molecular units
predominantly connected together in a shoulder-to-shoulder
alignment, forming dimers, oligomers, and chains. In addition,
U-shaped bifurcated structures were also observable, as
indicated by the white arrows, suggesting that more sites
were activated, followed by coupling reactions.

To further distinguish the role of Na in the reactions, the
DPBP-precovered Ag(111) sample (Figure 2a) was then
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Figure 2. Dehydrogenative coupling reaction of DPBP molecules on
Ag(111) promoted by O, exclusively. (a,b) Large-scale STM images
showing (a) DPBP assembled windmill-like structure and (b) the
appearance of dimers (shaded blue) after annealing at 450 K under
O, atmosphere. (c) Close-up STM image showing the formation of
DPBP-based dimers (shaded blue). (d) Magnified STM image,
simulated STM topography, and DFT-optimized model of a DPBP-
coupled dimer on Ag(111). C, gray; H, white; N, navy blue; Ag
substrate, light blue. Scanning conditions: V' = 0.7 V and I = 0.6 nA.

exposed to an O, atmosphere during thermal treatment in the
absence of Na. Interestingly, exposing such a sample to O,
(360 L) while annealing at ~380 K led to the appearance of
several DPBP-based dimers (Figure Slab), indicating the
onset temperature. Specifically, by annealing the sample at
higher temperatures (~450 K) during the exposure of the
sample to O, (90 L), long rows of dimers (shaded blue) were
found to be distributed on the sample and embedded in the
windmill-like network of intact DPBP molecules (Figure 2b),
in direct contrast to the Na-involved situation with the same
dosage (Figure 1h,i). Moreover, Figure S1 also exhibits distinct
coupling efficiency in Na-free versus Na-modified systems
under identical conditions (380 K, O, atmosphere), revealing
the critical role of Na in enhancing the reaction kinetics.
From the magnified STM image (Figure 2c), the detailed
morphology of dimers can be identified, as indicated by the
blue silhouettes. In these dimer structures, two neighboring
molecular units are uniformly connected in the same shoulder-
to-shoulder manner. This structural configuration aligns with
the C—C coupling characteristics resulting from ortho-site C—

H activation, as previously reported.”> Based on the
consistency of the covalent connections formed in these
cases, DFT calculations were further performed on the
structure simplified as a dimer. Note that within the pyridine
groups, the C—H bonds are generally destabilized at the ortho-
site due to the existence of N sites, allowing for the selective
C—H activation.'® Based on the characteristics of the
connection and the similarity in the morphology to the
previous works,'*** the dimer structure was optimized with
C—C coupling at the ortho-sites as shown in Figure 2d (right).
The corresponding STM simulation (right) nicely reproduced
the experimental one (middle) in both topography and
dimensions, thus confirming the structural assignment.

It is also worth noting that thermal treatment of either the
DPBP self-assembled structure or the DPBP and Na
coassembled structure failed to trigger any reaction before
desorption, indicating that the incorporation of Na alone did
not affect the reaction process. On the contrary, when O, was
introduced, the reaction temperature of C—H activation was
greatly reduced and became feasible before desorption. More
interestingly, the integration of both Na and O, successfully
facilitated the reaction at even lower temperatures (300 K).
These phenomena suggest that O, alone catalyzes the C—H
activation with a low efficiency, while the interplay between Na
and O, serves as cocatalysts, dramatically facilitating the C—H
activation performance with much higher efficiency.

It has been well established that the interaction between O,
and Ag(111) is generally very weak, and the probability of
dissociation is very low, especially at ~300 K.”* Meanwhile,
theoretical calculations predict that alkali metals adsorbed on
Ag(111) can enhance the adsorption and dissociation of O, in
the ethylene or propylene epoxidation,*™* serving as a
promoter. To further understand the role of Na in the
dramatic enhancement of the O,-assisted reaction performance
in our system, it should be crucial to investigate the
configurations of O, molecules in the presence or absence of
Na on Ag(111). In addition, the experimental temperature
(ie,, 300 K) is an important parameter for C—H activation that
should be taken into consideration. Accordingly, the
metadynamics method within the framework of ab initio
molecular dynamics (AIMD) (see Methods for more details)
was employed, with the reaction temperature set to 300 K, to
systematically search the reaction pathways of O, adsorbed on
Ag(111) without and with the incorporation of Na atoms,
respectively. The two-dimensional free energy surfaces for both
cases are illustrated in Figure 3, depicting the bond length
between the two oxygen atoms as a function of the
coordination number. The coordination number quantifies
the binding degree of the two oxygens to the adjacent Ag or
Na atoms, with higher values corresponding to more
interacting surface atoms and thus stronger binding inter-
actions.

As shown in Figure 3a, initially, two oxygen atoms are in
their most stable adsorption state (IS_1) with the lowest free
energy of —1.08 eV and the O—O bond length of 1.40 A,
indicating its chemisorption.”* As the coordination number
decreases, the length of the O—O bond shortens with a
desorption tendency (indicated by the white dashed arrow).
The corresponding structure (I_1) exhibits a free energy of
—0.21 eV. The desorption barrier for O, on Ag(111) is
determined to be 1.02 eV, which is in agreement with a
previous report*® and allows its occurrence at 300 K.*’ This
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Figure 3. Two-dimensional free energy surfaces of an oxygen molecule adsorbed on Ag(111) at 300 K (a) without and (b) with the incorporation
of Na atoms, illustrating the O—O bond length as a function of the coordination number. The coordination number represents the average number
of Ag or Na atoms adjacent to the two oxygen atoms within a defined spatial cutoff, as determined by their interatomic distances. Points IS, I, II,
and III denote the locations of initial states and local energy minima along the reaction pathways, respectively, with their corresponding structures
displayed at the bottom. The scale of the contour maps (right) indicates free energy changes in eV relative to the highest-energy reference states
within the respective systems, and the energy values for the specific structures are also marked. Na, pink; O, red; Ag substrate, light blue.

result is also consistent with the low sticking probability of
Ag(111) toward O,*.

When Na is present on Ag(111), the situation totally
changed (Figure 3b). Previous reports experimentally show
that K atoms on Au(111) enhanced the adsorption of O,,
forming K,O, species,”*® and DFT calculations suggest the
formation of K,O, structure. In our case, a similar Na,O,
configuration was adopted and further confirmed as a stable
chemisorption state (IS_2) by AIMD simulations, with a free
energy of —1.11 eV. Surprisingly, with the assistance of Na, the
Na,O, structure evolves into the globally most stable
configuration II_2, with a free energy of —1.24 eV, on the
2D free energy surface. This structure is characterized by a
higher coordination number and an extended O—O distance
(3.75 A), suggesting that Na promotes oxygen adsorption on
Ag(111) in a dissociated form after oxygen fixation. The
energy barrier from the Na-assisted chemisorbed state (IS_2)
to the dissociated state (II_2) was calculated to be 0.56 eV. In
addition, the desorption pathway was not explicitly found in
the computational analysis due to the persistent Na-mediated
interactions, with only partial detachment of the two oxygen
atoms from Ag(111). This indicates that complete O,
desorption necessitates overcoming Na-induced stabilization,
requiring an activation barrier exceeding 1.11 eV. Critically, the
dissociation (IS _2 — II 2) barrier remains significantly lower
than that of the competing desorption pathway (IS_2 — I_2
— further desorption), highlighting the kinetically favored
dissociation pathway in the presence of Na. Interestingly, the
dissociation is followed by a potential diffusion process toward

12089

II 2 (—0.61 eV) with a reaction barrier of 0.65 eV. Therefore,
the AIMD simulations imply that the presence of Na promotes
the fixation and dissociation of oxygen on Ag(111), with this
pathway being both kinetically and thermodynamically more
favorable than the desorption pathway. In addition, further
diffusion of the sodium oxides is possible at 300 K.

To elucidate the reaction mechanism of C—H activation and
clarify the synergistic role of Na and O, in this process,
transition-state search has been further conducted based on the
climbing image-nudged elastic band (CI-NEB) method,
considering four distinct conditions (left panel of Figure 4).
When a single DPBP molecule is adsorbed on Ag(111), the
corresponding C—H activation process (as depicted by gray
dotted lines) is highly endothermic, with a prohibitively high
reaction barrier of 2.30 eV, rendering the process kinetically
inaccessible before molecular desorption. Similarly, in the
presence of Na, although Na interacts with the N site on the
pyridyl ring in the C—H activation process, the reaction
remains strongly endothermic, with an energy barrier of 2.39
eV (gray solid lines). This is because Na tends to prevent the
pyridyl ring from bending toward Ag(111), which inhibits the
formation of surface-stabilized radicals and leads to an even
higher energy barrier. Thus, the addition of Na exerts a
negligible thermodynamic and kinetic influence on the reaction
scenario, fully consistent with experimental results.

Building on this, the introduction of oxygen species was also
investigated. To simplify the systems, the adsorption of O, and
NaO is applied as model systems representing the O,
atmosphere and sodium oxide Na,O, formation, respectively.

https://doi.org/10.1021/acscatal.5c04254
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Figure 4. DFT-calculated reaction pathways for ortho-site C—H activation and the subsequent C—C coupling reaction of a DPBP molecule on
Ag(111). Left panel: the C—H activation pathways under four distinct conditions: (i) absence of both Na and O, (gray dotted lines), (ii) presence
of Na alone (gray solid lines), (iii) presence of O, alone (red dotted lines), and (iv) coexistence of both Na and O, (red solid lines). Right panel:
the following C—C coupling pathway. The structural models of the initial states (IS), transition states (TS), and final states (FS) under each
condition are displayed, with their relative energies referenced to their respective IS. C, gray; H, white; N, navy blue; Na, pink; O, red; Ag substrate,

light blue.

Assuming the adsorption of O, molecules on Ag(111), O,
interacts with the DPBP molecule via the C—H:--O hydrogen
bond,”® which drastically lowers the C—H activation barrier to
0.87 eV (red dotted lines) and further stabilizes the dissociated
H atom. This indicates the catalytic potential of adsorbed
oxygen on Ag(111). Nevertheless, AIMD simulations reveal a
pronounced tendency for O, desorption, severely limiting the
reaction efficiency. To circumvent this limitation, we
investigated the synergistic effect between Na and oxygen
based on a simplified Na,O, model. The Na,O, species can
interact with the DPBP molecule via the C—H---O hydrogen
bond, which also effectively facilitates C—H activation. As a
result, the reaction barrier is reduced to 0.71 eV, and more
notably, the inclusion of Na further stabilizes the dissociated H
atom, with the final state (FS_NaxOy) being almost
comparable to the initial state (IS_Na,O,) in the total energy.
Thus, the cooperative interplay between Na atoms and O,
enables the corresponding C—H activation process to be
favored both thermodynamically and kinetically over alter-
native situations. Moreover, the AIMD results suggest the
feasibility of forming such sodium oxides at 300 K.
Consequently, the cooperative catalytic scenario leads to the
remarkably enhanced C—H activation compared to the Na-free
situation.

Thereafter, the C—C coupling process of two dehydro-
genated DPBP radicals was calculated on Ag(111) as shown in
the right panel of Figure 4. This process is highly exothermic,
with an exceedingly low energy barrier of 0.14 eV, indicating
that the C—H activation process is the rate-limiting step. These
results directly correlate with experimental observations that

the divergent reaction performances stem from the distinct
mechanistic roles of Na and oxygen in C—H activation.
Specifically, the performance enhancement arises from two
synergistic effects: (i) Na-promoted stabilization and dissoci-
ation of oxygen species on Ag(111), and (ii) oxygen-facilitated
C—H bond cleavage. This cooperative catalytic mechanism,
jointly validated by STM experiments and DFT calculations,
establishes the foundation for the observed catalytic superiority
of the Na—O, system.

It is also noteworthy that, while oxygen serves as a prevalent
oxidant in catalytic systems, its utilization usually presents
significant research challenges due to activation difficulties and
the intricate modulation requirements of its electronic
structures to confer targeted catalytic activities.”™*® This
limitation becomes particularly evident on Ag(111), where
the low viscosity coeflicient and inertness to oxygen

o . 1,52
actlvatlon5 S

was reported to hinder oxygen utilization.
Herein, our approach leverages organic molecular anchoring
to achieve atomic dispersion of extrinsic Na atoms on
Ag(111), enabling subsequent oxygen stabilization and
dissociation under O, exposure. The cooperative effect of
extrinsic O, and Na further results in the efficient oxidative
C(sp?)—H activation of pyridyl groups on Ag(111), and the
high selectivity of the ortho-site C—H activation is achieved
due to N functionalization. Such a strategy provides a possible
regulatory method for the utilization of O, on surfaces with
inherent activation resistance, while the revealed synergistic
mechanism further provides a blueprint for efficient on-surface
C—H bond activation by harnessing the oxidative potential of
0,.
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B CONCLUSIONS

In conclusion, this study demonstrates an on-surface synthesis
strategy for efficient C(sp*)—H activation of pyridyl groups on
Ag(111) through the cooperative effect of extrinsic O, and Na.
The combination of STM experiments and DFT calculations
reveals distinct thermal-response reaction performances. The
DPBP-precovered Ag(111) samples exhibited exclusive mo-
lecular desorption during thermal treatment regardless of Na
presence, whereas O, exposure initiated catalytic ortho-site C—
H activation followed by coupling. Notably, preintroduced Na
coassembled with DPBP molecules significantly enhanced
reaction efficiency under O, exposure. Metadynamics simu-
lations and transition-state calculations elucidate the cooper-
ative mechanism in which Na stabilizes O, and promotes its
dissociation, forming Na,O, on Ag(111), which further
catalyzes C—H activation with a significantly decreased
reaction barrier. This strategy developed in the model system
demonstrates great potential for facilitating C—H activation on
noble metal surfaces under oxidative conditions, offering
solutions to overcome the low sticking probability of O, on
inert surfaces and expanding the synthetic toolkit for on-
surface synthesis.

B METHODS

Experimental Details. The STM experiments were
conducted in an UHV chamber equipped with an “Aarhus-
type” variable-temperature STM from SPECS>”** and
maintained at a base pressure of 1 X 107'° mbar. The
Ag(111) substrate was prepared by repeated cycles of Ar" ion
sputtering and annealing at approximately 800 K. A home-built
molecular evaporator was employed for the sample prepara-
tion. Following thorough degassing, DPBP molecules
(purchased from Yanshen Technology Co., Ltd., Jilin Chinese
Academy of Sciences, with a purity exceeding 97%) were
deposited via thermal sublimation at ~473 K onto Ag(111)
substrate held at ~300 K. High-purity oxygen molecules were
introduced into the preparation chamber via a leak valve at a
pressure of ~1.0—2.0 X 107 mbar for different durations. Pure
sodium (Na, from SAES Getters) was dosed using a wire-type
Na dispenser by conventional resistance heating after complete
degassing. The Na dosage was calibrated by applying the same
constant current (~6.0 A) for 40 s per cycle, with additional
Na added by increasing the deposition cycles. After sample
preparation, it was then transferred to the STM head within
the UHV chamber for imaging. Typical scanning parameters
were set to V= 0.8 Vand I = 0.5—-0.8 nA. All the STM images
were acquired within a temperature range of 100—150 K and
were subsequently smoothed to reduce noise.

Calculation Details. The calculations were conducted
within the density functional theory (DFT) framework using
the Vienna Ab Initio Simulation Package (VASP).>>>® The
projector-augmented wave (PAW) method was employed to
describe the ion-electron interactions.””*® The Perdew—
Burke—Ernzerhof (PBE) generalized gradient approximation
(GGA) functional was used for exchange correlation,” with
van der Waals interactions included based on Grimme’s DFT-
D3 dispersion correction.’” The atomic structures were relaxed
using the conjugate gradient algorithm until forces on all
unconstrained atoms were < 0.03 eV/A. A plane-wave basis set
with an energy cutoff of 400 eV was utilized. Ag(111)
substrates were modeled as three-layer slabs separated by ~15
A vacuum region, with the bottom one layer fixed. STM
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images were simulated using the Tersoff-Hamann method,’!
approximating the tunneling current through the local density
of states (LDOS). For the metadynamics calculations, the
optimized structures were used to initialize the molecular
dynamics simulations. The annealing process involved a
gradual increase in temperature from 0 to 300 K. The NVT
ensemble was employed, with temperature control achieved via
the velocity rescaling method in conjunction with a Nosé—
Hoover thermostat.””** The annealing process lasted for 3 ps,
using a time step of 1 fs, with the temperature incremented
every 20 steps. Following annealing, the systems were
equilibrated for 20 ps using a time step of 2 fs (totaling
10,000 steps) at 300 K, employing a Nosé—Hoover thermostat
within the NVT ensemble. The equilibrated states were then
used as starting points for the metadynamics simulations. The
O-O distance and coordination numbers were selected as
two-dimensional collective variables (CVs) for the metady-
namics simulations. The coordination numbers were defined as
the number of Ag or Na atoms within a certain distance of the
O atoms. Specifically, the coordination number between O and
Ag atoms was defined using a cutoff distance of 7.0 A, while
that between O and Na atoms used a cutoff of 5.0 A. These
cutoff distances were set to extend the search range for
interactions beyond the typical bonding distances. The systems
were continuously sampled for ~40 ps using a time step of 1 fs
(totaling ~40,000 steps) at 300 K. In addition, transition states
were identified using the climbing image-nudged elastic band
(CI-NEB)® method until the forces acting on the path
typically converged to < 0.03 eV/A.

B ASSOCIATED CONTENT
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