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ABSTRACT: The charge states of metal adatoms on surfaces play a crucial
role in controlling adsorption and interaction behaviors that underpin
surface chemistry and catalysis, yet the atomically precise synthesis of
negatively charged metal atoms remains a significant challenge. Here, we
report negatively charged Ag dimer (Ag2δ−) arrays assembled on Ag(100)
surface through coordination with a polycyclic aromatic hydrocarbon, 8,9-
diaza-8a-borabenzo[fg]tetracene (DBT), featuring a doping moiety with
N−B−N bonds at zigzag edge. The Ag dimers are stabilized by two DBT
monomers through N−Ag−N coordination bonding. In contrast to surface
Ag atoms, the coordinated dimers display anionic character, as
demonstrated by noncontact atomic force microscopy, Kelvin probe force
microscopy, X-ray photoelectron spectroscopy, and density functional
theory calculations. Neutral dimers Ag20 can be converted from the
coordinated complex by tip-induced detachment of one DBT monomer and showed markedly higher affinity for CO adsorption, a
process that is suppressed on Ag2δ−. These findings establish an atomically defined platform for stabilizing and controlling anionic
metal centers on metallic surfaces, providing a model system for exploring charge-state effects in surface chemistry.

■ INTRODUCTION
The charge states of metal adatoms on surfaces play a decisive
role in governing adsorption energetics, reaction pathways, and
catalytic selectivity at the atomic scale.1−8 While single-atom
catalysis (SAC) has demonstrated remarkable activity and
selectivity in a wide range of metals and supports, coordination
with electronegative ligands such as O, N, or S tends to
stabilize cationic or partially oxidized metal centers.9−13 In
contrast, atomically well-defined metal centers with an
unambiguous anionic character remain exceedingly rare. This
pronounced asymmetry in charge-state accessibility has
fundamentally limited the exploration of negatively charged
metal sites and their distinct interactions with electrophilic
adsorbates.14

The scarcity of anionic metal adatoms does not stem from a
lack of conceptual interest,15,16 but rather from synthetic and
characterization constraints. Stabilizing excess electron density
on a metal adatom or subnanometer metal cluster on metallic
substrates requires not only efficient electron donation but also
local coordination motifs capable of suppressing rapid charge
delocalization into the metallic substrate. Although negatively
charged metal centers, e.g., Pt atoms, have been realized in
selected environments such as oxide nanostructures,17 these
systems are typically limited in material diversity and lack
atomic-scale structural characterization.

On-surface metal−organic coordination17−29 offers a prom-
ising platform to address this challenge, as properly designed
organic ligands can simultaneously confine metal adatoms and
modulate their electronic states through tailored chemical
functionalities. In particular, nitrogen-containing ligands30−34

can, in favorable geometries, donate electron density to
coordinated metal centers and potentially stabilize localized
charge accumulation.35 However, effective electron localization
typically requires electronic decoupling from the substrate and
is generally facilitated on insulating or weakly interacting
supports, whereas controlled assembly, manipulation, and
atomic resolution characterization are most readily achieved on
metallic substrates. Reconciling these two competing require-
ments remains a crucial, unresolved challenge.
Here, we demonstrate a surface-coordination strategy that

stabilizes atomically well-defined anionic silver adatom dimers
on a metallic substrate using a polycyclic aromatic hydrocarbon
(PAH) with an NBN unit at the zigzag edge36,37 on an
Ag(100) surface. Following on-surface debromination and
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radical reorganization, biradical monomers coordinate native
silver adatoms via N−Ag−N bonds, forming ordered arrays of
silver dimers. Combined investigations of noncontact atomic
force microscopy (nc-AFM), Kelvin probe force microscopy
(KPFM), X-ray photoelectron spectroscopy (XPS), and
density functional theory (DFT) calculations confirm the
geometry of the coordinated complexes and the negative
charge state of the silver adatom dimers (Ag2δ−). Furthermore,
tip-induced removal of one coordinated monomer from the
complex enables a controlled conversion of Ag2δ− to neutral Ag
adatom dimers (Ag20). We further show that CO adsorption is
suppressed on the anionic Ag2δ− site, providing a single-dimer
platform to directly correlate charge state with adsorption
behaviors. These results establish an atomically defined
platform for stabilizing and controlling anionic metal centers
on metallic surfaces, offering new opportunities to investigate
charge-state-dependent interactions relevant to surface chem-
istry and catalysis.

■ RESULTS AND DISCUSSION
Figure 1a sketches the on-surface synthesis pathway starting
from the molecular precursor, 8,9-dibromo-8H,9H-8,9-diaza-
8a-borabenzo[fg]tetracene (DDBT, 1) on an Ag(100) surface.
The precursor features two bromine substitutes (outlined in

brown) and a zigzag edge embedded in a HN-B-NH (NBN)
motif (pink edge in Figure 1a), which together predefine both
its surface reactivity and coordination capability. Upon thermal
sublimation of DDBT onto an Ag(100) substrate held at room
temperature, the precursor (1) undergoes spontaneous
dehalogenation driven by the catalytic activity of the
substrate,38 giving rise to surface-bound monomer species.
As shown in the scanning tunneling microscopy (STM) image
in Figure 1b, the resulting monomers assemble into extended
structures interconnected by bright protrusions that can be
assigned to Ag adatoms. Detached bromine atoms are
simultaneously observed in the surrounding regions (indicated
by a yellow arrow), appearing with a markedly weaker contrast
than the Ag adatoms in the STM image. In bond-resolved nc-
AFM images (Figure 1c,d), these Br adatoms appear as distinct
bright features at positions consistent with those observed in
STM imaging. However, the characteristic high-contrast
protrusions associated with C−Br bonds39,40 are notably
absent at the precursor’s substitution sites, indicating that
debromination has taken place.
A closer inspection of the assemblies identifies two distinct

monomers, denoted 2′ and 2″ (Figure 1a), which can be
distinguished by the relative position of the Ag adatoms with
respect to the molecular backbone of the monomers. In the

Figure 1. On-surface synthesis and structural characterization of the complex 3 layer with coordinated Ag dimers. (a) Scheme of the synthesis of 3
starting from precursor 1 on Ag(100). (b) Large-scale STM image of 2′ and 2″ on Ag(100) as marked by white rectangles (Vs = 500 mV, It = 100
pA). The yellow arrow marks one of the bromine atoms. (c, d) Chemical-bond-resolved nc-AFM images of 2′ and 2″ (oscillation amplitude AOSC =
100 pm). The red and yellow dashed ovals denote C−Ag−N and C−Ag−C bonds, respectively. (e) Large-scale STM image of the complex 3 layer
on Ag(100) after annealing at 370 °C (Vs = −40 mV, It = 100 pA). (f) Zoom-in STM image of 3 (Vs = −40 mV, It = 30 pA). One of the detached
Br atoms is indicated by a yellow arrow. The green contours highlight the two DBT monomers in a complex 3, while the red contour denotes the
Ag adatom dimer. (g) Chemical-bond-resolved nc-AFM image taken in the same area of (f) (oscillation amplitude AOSC = 100 pm). The red ovals
highlight the two N−Ag−N bonds in complex 3. Scale bars: (b) 2 nm, (c, d) 1 nm, (e) 5 nm, (f, g) 1 nm.
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bond-resolved nc-AFM image of 2′ (Figure 1c), two bonds
(C−Ag−N bond in red dashed oval and C−Ag−C bond in
yellow dashed oval) extend from the original C−Br sites,
indicating that radical character remains localized on both C
atoms after debromination. In contrast, a minor population of
monomer 2″ (Figure 1d) is also observed, characterized by
one bond associated with a nitrogen atom (N−Ag−C bond in
red dashed oval) and the other with a carbon atom (C−Ag−C
bond in yellow dashed oval). This bonding configuration
indicates a partial intramolecular transfer of radical character
from carbon to nitrogen, marking an early-stage electronic
rearrangement at the NBN-doped zigzag edge.
Upon annealing the sample to 370 °C, the initially short-

range-ordered surface-bound intermediates evolve into large-
area, well-ordered self-assembled arrays, as shown in Figure 1e.
Although the lattice periodicity varies with precursor coverage
(Figure S2), the coexistence of multiple superstructures
indicates that the assembly is governed primarily by
intermolecular interactions rather than by epitaxial registry
with the Ag(100) substrate lattice. Despite these lattice
variations, all arrays are constructed from an identical
structural unit composed of two organic monomers (green
dashed contours in Figure 1f) being bridged by a bright, oval-
shaped center (red dashed contour in Figure 1f). This central
feature is bias-independent, as evidenced in Figure S3, where it
remains bright as the scanning bias voltage is varied from +1 V
to −1 V. Isolated bromine atoms are also observed between
neighboring units, as indicated by the yellow arrow.

Chemical-bond-resolved nc-AFM imaging (Figure 1g)
provides direct structural evidence that thermal annealing
drives a complete relocation of radical character from carbon
to nitrogen, resulting in 8,9-diaza-8a-borabenzo[fg]tetracene
(DBT, 2). After annealing, the two DBT monomers within
each unit are connected through their nitrogen atoms,
indicating the formation of N−Ag−N coordination motifs.
The Laplacian-filtered nc-AFM images (Figure S4) clearly
reveal a uniform brightness across the coordination sites, which
differs from the characteristic low-contrast features and
nonplanar geometries typical of radical species.40,42 The
absence of such radical-like signatures indicates the successful
formation of the coordination bonds. The presence of two
equivalent coordination linkages (red dashed ovals in Figure
1g) indicates that each monomer pair is bridged by two Ag
adatoms, thereby establishing a dimeric metal center. These
observations unambiguously identify the final product as the
coordinated structure depicted as complex 3 in Figure 1a.
DFT calculations reveal a significant thermodynamic driving

force (1.37 eV) favoring the spontaneous relocation of radical
character from carbon to nitrogen upon annealing (Figure S6).
XPS measurements of the N 1s core level were performed both
upon 1 deposition and following annealing at 370 °C (Figure
S5). For the as-deposited sample, the N 1s peak exhibits a clear
split into two components at 399.1 and 397.3 eV, assigned to
N−H and N−Ag bonds,41 respectively. Upon annealing the
sample to 370 °C, the component at 397.3 eV increased in
intensity, indicating that more carbon radicals transferred to
nitrogen radicals, and additional N−Ag bonds were formed.

Figure 2. Identification of negatively charged Ag dimers in complex 3. (a) Chemical-bond-resolved nc-AFM image of 3 (resonance amplitude AOSC
= 100 pm). The cyan arrows denote the N atoms, and the red arrow denotes the Ag adatom. (b) Line profile along the yellow dashed line in (a),
showing a more positive frequency shift on the Ag adatom compared to the N atoms. (c) Δf(V) curves on Ag2δ− (red curve) and Ag(100) surface
(orange curve). The curves are shifted vertically for clarity. LCPD values (black hollow crosses) are extracted from the maximum of fitted parabolic
curves (black lines). The black dashed line guides the eye to the difference between them. (d) Top and side views of the DFT-optimized adsorption
geometry of 3 on the Ag(100) substrate. (e) Top and side views of the calculated differential charge density between an Ag2δ− and the surrounding
atoms. The light orange contour shows charge density accumulation, while the light purple contour shows charge density depletion. The isosurface
level is 0.03 e/Bohr3. (f) Simulated nc-AFM images of 3. Scale bar: (a, f) 0.5 nm.
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The thermal stability of the coordinated Ag dimer arrays was
examined through annealing to higher temperatures. The
arrays remain relatively stable below 400 °C; however,
annealing at 440 °C leads to a chemical transformation of
the species, resulting in the formation of polymers as
characterized by STM and nc-AFM images (Figure S7).
Figure 2 examines the charge state of the Ag atom dimers

stabilized within complex 3. A representative bond-resolved
nc-AFM image of an isolated unit is shown in Figure 2a, where
the Ag adatoms exhibit a brighter contrast relative to the
surrounding N atoms. The corresponding line profile (Figure
2b) along the yellow dashed line in Figure 2a reveals a 0.5 Hz
more positive frequency shift on the Ag adatom (red arrow in
Figure 2a) than on the coordinating N atoms (cyan arrows),
indicating enhanced short-range repulsive interactions meas-
ured on the Ag adatoms. For a CO-functionalized tip, metal
adatoms with neutral or positive charge typically exhibit a dark
halo contrast due to strong attractive electrostatic interactions
with the negatively charged O atom at the tip apex.43−45

Therefore, the observation of a repulsive contrast at the Ag
adatoms represents a deviation from this expectation,
suggesting an excess negative charge is localized on the Ag
dimer.
KPFM measurements were performed on both Ag dimer

and Ag substrate using the same CO-terminated tip (Figure
2c). The maxima of the parabolic fittings of the Δf (V) spectra
correspond to the local contact potential difference (LCPD)
between the tip and the sample,46 as marked by the crossings
in Figure 2c. The LCPD difference measured above the

coordinated Ag dimer (−377 mV, red) is shifted by 81 mV
higher than that measured on the Ag(100) substrate (−458
mV, orange). This shift can be interpreted in terms of a dipole
moment directed from the vacuum toward the surface, arising
from electron accumulation at the coordinated Ag2δ−, and the
associated screening response of the underlying substrate.7,47,48

In this picture, the induced interfacial dipole increases the
effective work function of the Ag(100) substrate region
underneath the adatom dimer relative to the pristine surface,
which is reflected in the positive shift of the LCPD signal.
Control experiments on Cu(111) reveal that annealing at

200 °C leads to the formation of isolated DBT dimers bridged
by Cu adatoms via N−Cu−N coordination (Figure S8a,b).
Bond-resolved nc-AFM imaging reveals that the coordinating
Cu adatoms exhibit a characteristic dark contrast (Figure
S8b,c). Furthermore, KPFM measurements demonstrate that
these adatoms possess the same LCPD value as the bare
Cu(111) substrate, signifying a neutral charge state (Figure
S8d). The fundamental difference between the stabilization of
anionic Ag dimers on Ag(100) and the neutral Cu species on
Cu(111) is likely attributed to the different work functions of
the respective metal substrates.
DFT calculations were performed to elucidate the micro-

scopic origin of the Ag2δ− state in complex 3. In the fully
optimized adsorption geometry (Figure 2d), complex 3 adopts
a nearly planar configuration, with Ag2δ− and DBT (2)
monomers locating 2.58 and 2.85 Å above the Ag(100)
surface, respectively. This adsorption configuration represents
the global thermodynamic minimum determined through a

Figure 3. XPS measurements on a full monolayer of complex 3 on Ag(100) substrate. (a) Ag 3d XPS spectra of a monolayer complex 3 on Ag(100)
substrate, collected at normal emission. Black dots represent the raw experimental data, the blue line denotes the overall fitted curve, and the peaks
were deconvoluted to reflect different contributions, with the orange peaks representing neutral Ag(100) substrate and the red peaks corresponding
to Ag2δ−. (b) Schematic of XPS measurements at different emission angles. (c) Fitting curves of XPS measurement at normal emission (green curve)
and grazing emission (purple curve). The peaks of Agsub 3d3/2, Agsub 3d5/2, Ag2δ− 3d3/2, and Ag2δ− 3d5/2 are displayed in an enlarged view in (d−g) for
clarity with the same color code. (h) Integral peak area ratios of grazing/normal emission of Ag 3d spectral components. Ag2δ− 3d3/2 and Ag2δ− 3d5/2
are denoted in red dots, while Agsub 3d3/2 and Agsub 3d5/2 are in orange.
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systematic DFT screening of various high-symmetry sites and
molecular orientations (Figure S9). The local coordination
environment, characterized by the Ag−N bond length, remains
remarkably robust across all tested configurations, indicating
that the electronic properties are largely insensitive to minor
variations in adsorption registry. Consistent with the DFT
results, nc-AFM measurements show that the in-plane N−Ag−
N length has slight variations due to local adsorption registry
(Figure S10). These geometric fluctuations do not significantly
alter the charge transfer between the DBT ligands and the Ag
dimer, and the anionic character of the Ag dimer is preserved
throughout the array.
Differential charge density (DCD) analysis, shown in Figure

2e, reveals pronounced electron accumulation (light orange)
on the Ag adatom dimer and the coordinating nitrogen atoms,
as well as at the Ag substrate interface within the region
enclosed by the red dashed ovals. Notably, charge depletion
(light purple) is observed in the py orbitals of the N atoms,
indicating that the accumulated electron density localized on
Ag2δ− primarily donated from the lone-pair electrons of the N
atoms. This charge redistribution establishes a net electron
transfer from the organic ligands to the Ag dimer, providing a
microscopic explanation for its negatively charged character.
By calculating the spherical integration of the charge density
centered on the Ag adatom and comparing with the bare Ag
adatom on the surface, we estimate the transferred charge (δ−)
to be in the range of 0.3 to 1.1 e. This interval is bounded by
the values integrated at the Ag covalent and van der Waals
radii, respectively (Figure S11). Consistent with this picture,
calculations of the local electrostatic potential (Figure S12)
show a higher potential above the Ag2δ− unit than above the
Ag(100) substrate, in qualitative agreement with the elevated
local potential measured by KPFM on the Ag dimer in

complex 3. Furthermore, a simulated nc-AFM image (Figure
2f) reproduces the enhanced repulsive contrast observed
experimentally (Figure 2a), supporting the assignment of Ag2δ−.
To experimentally resolve the chemical state of the Ag

dimer, we prepared a full monolayer of complex 3 on Ag(100),
and performed XPS measurements. As shown in Figure 3a,
both the Ag 3d5/2 and 3d3/2 core levels can be deconvoluted
into two components. The dominant peaks (in orange) at
368.20 and 374.20 eV originate from the Ag(100) substrate
(Agsub),

49 whereas the higher-binding-energy shoulders at
368.55 and 374.55 eV are attributed to the Ag2δ− species. To
further validate this attribution, the Ag 3d core-level spectra
obtained from monolayer 3 with Ag2δ− species were compared
with those from the clean Ag(100) surface (Figure S14). The
line shape of the Ag 3d peaks on monolayer 3 exhibits an
asymmetry compared to the control samples. The transition
from a symmetric line shape in the pristine surface to an
asymmetric one in the final assembly indicates that the
additional components identified in our peak-fitting analysis
can be attributed to the formation of coordinated Ag2δ− species.
Corresponding core-level shifts (CLS) calculations revealed
that Ag2δ− exhibits a higher 3d binding energy than neutral
surface Ag atoms (Table S2), consistent with the experimental
XPS spectra and supporting the assignment of the higher-
energy shoulder peak to the surface Ag2δ− array.
Emission-angle-dependent XPS measurements were further

performed to establish the surface origin of the Ag2δ− species, as
sketched in Figure 3b. The XPS intensities of Agsub and Ag2δ− at
normal and grazing emission are presented in Figure 3c in
green and pink curves, respectively, while the peak apexes are
magnified in Figure 3d−g. The ratio of grazing to normal
emission intensities extracted from the integral peak areas is
summarized in Figure 3h. For the Ag(100) substrate, the

Figure 4. Control the charge state of Ag adatom dimers by tip manipulation. (a, b) Large-scale STM image showing a complex 3 at the edge of an
island before and after tip manipulation, as indicated by the red boxes (Vs = −40 mV, It = 30 pA). The yellow arrow represents the manipulation
path of the tip. (c) Chemical structure of complex 4. (d, e) Zoom-in STM image (Vs = −40 mV, It = 30 pA) and the corresponding chemical-bond-
resolved nc-AFM image (AOSC = 100 pm) of 4. Ag dimer is marked by red dashed ovals. (f) Δf(V) curves on the Ag dimer (red curve) and the
Ag(100) substrate (orange curve). The curves are shifted vertically for clarity. LCPD values (black hollow crosses) are extracted from the maximum
of fitted parabolic curves (black lines). The black dashed line shows that the LCPD values align with each other. (g−j) Zoom-in STM images and
nc-AFM images of a complex 4 with one and two CO adsorbates (Vs = −500 mV, It = 100 pA, AOSC = 100 pm). Scale bars: (a, b) 5 nm, (d, e) 0.5
nm, (g−j) 0.5 nm.
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normal-emission signal is comparable but slightly more intense
than the grazing emission signal (orange dots), consistent with
its bulk origin. In contrast, the Ag2δ− component exhibits a
markedly (more than 1.2 times) enhanced intensity from
grazing to normal emission (red dots). The corresponding raw
spectra at grazing emission, along with the overlapped raw
experimental data at normal and grazing emission, are provided
in Figure S15 for reference. This pronounced angular
dependence demonstrates that the higher-energy shoulder
peak originates from the surface Ag2δ− monolayer.
Tip-induced manipulation enables a controlled conversion

of the negatively charged Ag2δ− in complex 3 into a neutral Ag20
species. Specifically, by laterally sweeping the tip across an
individual unit at reduced tip height (yellow arrow, Figure 4a),
one DBT monomer (2) can be removed from the coordinated
motif, yielding complex 4 (red box in Figure 4b,c). This
structural modification is accompanied by a pronounced
change in the electronic signature of the dimer. In STM
images, the Ag2 feature becomes darker than the surrounding
ligand (red dashed oval in Figure 4d). In the corresponding nc-
AFM image (Figure 4e), the Ag dimer in complex 4 exhibits
only a dark halo contrast dominated by long-range attractions,
in clear contrast to the repulsive contrast observed for the
negatively charged state.7,50 Consistently, KPFM measure-
ments show that the LCPD over the Ag2 site in complex 4
becomes indistinguishable from that of the Ag(100) substrate
(Figure 4f). This evidence establishes that Ag2δ− in complex 3
loses its excess charge upon tip manipulation and becomes
neutral Ag20 in complex 4.
Our DFT calculations further verify this interpretation

(Figure S16). Core-level shift modelings predict a higher Ag 3d
binding energy of Ag2δ− relative to substrate Ag, whereas the 3d
binding energy of Ag20 becomes comparable to that of Ag(100)
after removal of one coordination monomer. This DFT
binding energy difference well matches the experimentally
observed charge-state change from a negatively charged to
neutral dimer upon tip-induced structural modification.
The Ag dimers with two charge states exhibit distinct

behaviors in CO adsorption. When complex 3 is imaged with a
CO-functionalized tip, the CO molecule remains stably bound
to the tip apex throughout scanning. In contrast, scanning over
complex 4 frequently triggers CO transfers from the tip to the
neutral Ag dimer, as demonstrated in Figures 4g−j and S17,
indicating a substantially higher affinity of Ag20 toward CO.
Once adsorbed, the CO ligand can hop between the two Ag
atoms within the neutral dimer and, depending on the
scanning conditions, either desorb or yield configurations
with one or two CO molecules bound to the Ag20 unit (Figure
S17).
This charge-dependent reactivity can be rationalized within

the Blyholder framework for CO-metal bonding.51−53 CO
adsorption proceeds through a synergistic interplay of σ
donation from the filled 5σ orbital of CO into empty metal s/p
states and π backdonation from occupied metal d states into
the CO 2π* antibonding orbital (Figure S18). For the neutral
Ag adatoms, σ donation is efficient, which in turn promotes π
backdonation, together stabilizing the Ag-CO bond. In the
negatively charged state, however, increased electron density at
the metal site strengthens Pauli repulsion against the incoming
CO 5σ orbital, suppressing σ donation. Although π back-
donation is enhanced, the loss of σ donation breaks the
cooperative balance between the two interactions, thereby
disfavoring the formation of a stable Ag-CO bond. As a result,

CO adsorption is strongly suppressed on Ag2δ− while remaining
favorable on neutral Ag adatoms. This contrast highlights the
critical role of the local coordination environment in governing
the electronic structure and adsorption behavior of the adatom
dimers, with implications for tuning surface reactivity and
selectivity at the atomic scale.

■ CONCLUSION
In summary, we establish an atomically well-defined monolayer
of negatively charged silver adatom dimer Ag2δ− on Ag(100),
assembled through N−Ag−N coordination with NBN-doped
DBT ligands. Our nc-AFM, KPFM, and XPS measurements,
together with DFT-calculated DCD, consistently indicate
appreciable electron transfer from the DBT ligands to the Ag
dimer, giving rise to a negatively charged state. Tip-induced
manipulation enables controlled detachment of one coordinat-
ing DBT monomer, converting Ag2δ− in complex 3 into neutral
Ag20 in complex 4, as evidenced by the contrast reversal in nc-
AFM, the disappearance of the LCPD offset in KPFM, and the
corresponding trends from DFT core-level shift calculations.
The charge state directly affects adsorption behavior, so that
neutral Ag20 readily binds CO, whereas CO adsorption is
strongly suppressed on Ag2δ−. These findings establish a
controllable strategy for stabilizing and switching the charge
state of metal adatom dimers on conductive surfaces, offering a
well-defined model platform to interrogate charge-state-
dependent adsorption and coordination chemistry at the
single-dimer limit.
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