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ABSTRACT: CO adsorption on metal surfaces is a process of fundamental
importance in surface science and heterogeneous catalysis. Despite its
apparent simplicity, its understanding has often posed a challenge to
conventional models. Using scanning probe microscopy (SPM), we have
observed that CO adsorption on Cu(111) saturates at ~26%, significantly
below the anticipated 33% for the canonical J3 X /3/R30° structure. This
anomalous saturation persists across a wide range of dosing amounts and
deposition temperatures, indicating an intrinsic thermodynamic constraint
rather than kinetic trapping. Statistical analysis of the SPM images reveals a

Long-range substrate-mediated interactions
R~=5.3 nm
e — J

long-range adsorbate interaction radius of ~5.3 nm that governs the two-

dimensional distribution of CO molecules. This nanometer-scale, substrate-mediated indirect interaction induces spatial correlations
that suppress higher coverage. First-principles calculations show that increased coverage leads to confinement of Cu(111) surface-
state electrons, with overlapping elastic strain fields, both of which reduce CO binding energy. These long-range interactions
collectively enforce a self-limiting adsorbate density. Our findings establish that substrate-mediated forces can govern adsorbate
arrangements well beyond nearest-neighbor scales. CO/Cu(111) provides a model system in which such effects can be observed
directly, serving as a testbed for established theories of adsorption and substrate-mediated interactions.

1. INTRODUCTION

Adsorption of atoms and molecules on solid surfaces governs a
wide range of physical and chemical phenomena, from
heterogeneous catalysis and surface reactions to the design of
nanoscale devices." Decades of theoretical and experimental
efforts have produced increasingly refined models of surface
adsorption,” showing that adsorbates can perturb the
electronic and elastic environment of a surface in ways that
propagate over significant distances. In particular, much
attention has been focused on molecular adsorption on
noble metal surfaces such as Cu, where the presence of a 2D
electron gas associated with Shockley-type surface states can
mediate long-range oscillatory interactions between adsor-
bates.”® Simultaneously, local lattice distortions induced by
adsorption can couple across nanometers via elastic strain
fields.”” Although substrate-mediated interactions between
adsorbates were theoretically predicted® and experimentally
observed to influence adsorbate distributions,® their role in
globally dictating surface adsorption and fundamentally
limiting the achievable coverage have remained unexplored.
Carbon monoxide (CO) is a chemically stable molecule that
interacts moderately with the lowest energy and most compact
(111) surface of copper, making the CO/Cu(111) system
particularly suited for isolating long-range and substrate-
mediated effects that may be obscured in more strongly
bound systems. In this work, we investigate CO adsorption on
Cu(111) and uncover an unexpected phenomenon: when
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saturated with CO, the surface consistently reaches a coverage
of ~26%, well below the anticipated 33% for a close-packed

V3 X +/3/R30° adsorption structure’ (Figure 1A). This result
is robust across a range of deposition temperatures and persists
even under substantial CO overdosing. The data indicate that
this low coverage is not due to kinetic trapping or surface
defects but instead reflects an intrinsic thermodynamic limit set
by long-range interactions. However, the anomalous saturation
of CO is system-specific and condition-dependent, as
illustrated by previous work on other similar interface
systems.'’™'* Under low-temperature and ultrahigh-vacuum
conditions, the Cu(111) substrate remains atomically flat,
allowing us to isolate the effect of long-range adsorbate
interactions on the observed self-limited coverage. In contrast,
under more reactive environments, for example at room
temperature and near-ambient pressures, CO adsorption has
been shown to activate the Cu(111) surface through Cu
adatom formation and nanocluster reconstruction.'

Using atomic-resolution scanning probe microscopy (SPM),
we systematically characterize the spatial distribution of
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Figure 1. CO distribution on a Cu(111) surface. (A) Schematic of the +/3 X /3 /R30° adsorption structure, where the separation distance
between nearest neighbor COs and Cu atoms are 4.4 and 2.5 A, respectively. (B, C, E, F) are STM images (set point: Viample = + 100 mV, I =100
pA), and (D, G) are AFM images showing CO molecules on a Cu(111) surface using Cu (top panel) and CO (bottom panel) terminated tips at
low (B, E) and high/saturated (C, D, F, G) coverages. (B, E) show the same area, and (C, D, F, G) show another identical region at the same
magnification. The contrast in (G) can be inverted by decreasing the tip height (Figure S1).
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Figure 2. Statistical analysis. (A) Large-scale STM and (B) AFM images of two random distributions of adsorbed COs on a Cu(111) surface,
obtained using CO tips; the separation distance between nearest neighbor COs is 4.4 A. The CO molecules, deposited at 4.8 K, are represented by
small red circles in (A). (C) AFM image of an ordered phase of adsorbed CO formed at 77.6 K; the yellow box marks a lattice mismatch area. (D)
Schematic of the unit cell of the ordered CO phase in (C). The yellow, blue, and red solid circles indicate COs in different adsorption
environments, characterized by different numbers of nearest and next-nearest neighbor COs. The ideal coverage for this phase is 26.5%. See Figure
S4 in Supporting Information for other patterns formed at 77.6 K. (E) Experimental CO coverage data as a function of sampled image size, r. Here,
u represents the mean of all experimental data (26%), and oy represents the standard deviation for a CO confinement/interaction radius R. The
latter is determined to be 5.3 nm, assuming a hypergeometric statistical distribution. The red dashed curves show the statistical solution, p +

Og=s3nm- (F) CO distribution on a Cu(111) surface from Monte Carlo simulations; the white solid circles represent CO molecules. The coverage is
M _ 2397 _
Oim = ne | 9216

and 3.2 (blue) nm.

26.0%. (G) Simulated CO coverage data as a function of sampled image size, r, obtained using R = 12.8 (brown), 6.4 (green),

adsorbates and apply statistical analysis to extract an effective
interaction range. We find that each CO molecule influences
adsorption within a radius of ~5.3 nm, a length scale far
exceeding that of chemical bonding or the short-range, few-
neighbor interactions assumed in early adsorption models.”
First-principles calculations further reveal that increased CO
coverage leads to a confinement of surface-state electrons and a
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downward shift of the Cu d-band center, both of which reduce
the CO binding energy.'® Elastic strain also builds up at high
coverage, compounding the energetic penalty. These effects
together explain why further adsorption becomes increasingly
unfavorable as the system approaches 26% coverage. Our work
provides direct evidence that substrate-mediated interactions,
rather than steric saturation or surface poisoning, dictate the

https://doi.org/10.1021/jacs.5¢13663
J. Am. Chem. Soc. 2026, 148, 360—367



Journal of the American Chemical Society pubs.acs.org/JACS
100% Tz = 100%
@ |—06—07—08 B 08 —1.1 —14
90% 1.0 —1.1 —12 i 90% |
wy |13 —14 —15 i s | 16 =12 =20
’ i C —2.1 —23 —24
—1.6 —1.7 —1.8
0% [---1.9 2.0 2.1 70% + —2.5 —2.7 —2.8
e 2.2 --2.3 ---2.4 i | 29 30 3.1
. ===2.5 ===2.6 ---2.7/ /B . 3.2 3.9 3.4
O S0% 2.8 ---2.9 ---30/74 O35 ---3.6 ---3.7
s f '/ Ak W0 | 38 ---3.9 ---4.0
30% | i Experiment 0%+
oo | ! oo | Monte Carlo
Simulation
10% : 10%
0% : S — 0% = ——
17% 19% 21% 23% 25% 27% 29% 31% 33% 11% 13% 15% 17% 19% 21% 23% 25% 27% 29% 31% 33%
0 0
2100 500
© ol k() = 11.224mr2007 ®) k(r) = 16.716mr-04
400
500 | MAPE = 17.95% MAPE = 3.04%
1200 | SR
~ ) o Monte Carlo
Experiment . .
900 | o | Simulation
600 r .
Non-ideal 2D ,
. 100 Ideal 2D Behavior
5001 Behavior
0 : : : 0 . : - , . s .
0 1 2 3 4 5 6 7 8 0 1 3 4 5 6 7 8

7 (nm)

7 (nm)

Figure 3. Analysis of the behavior of the CO distribution. (A) Experimental and (B) simulated (R = 12.8 nm) cumulative probability (CP) as
functions of @ for different image radii (unit: nm). The CP is taken of the form CP(0) = m, where both k(r) and L(r) are functions of

the image radius r. k(r) represents the stiffness of the curve, and L(r) is the inflection point, which can also be interpreted as the most likely
observed 6 for an image of size r. (C) and (D) are the fitted k(r) curves for (A) and (B), corresponding to experimental nonideal 2D behavior and
simulated ideal 2D behavior, respectively. The calculated Mean Absolute Percentage Errors (MAPE) for (C) and (D) are 17.95% and 3.04%

(<20%), respectively, demonstrating the reliability of our fittings.**

global arrangement of adsorbates and impose an intrinsic limit
on adsorption coverage.

2. RESULTS AND DISCUSSION

2.1. Experimental Characterization and Image Inter-
pretation. We employed atomic-resolution SPM imaging
techniques (scanning tunneling microscopy (STM) and atomic
force microscopy (AFM)) to examine the distribution of CO
molecules adsorbed on Cu(111) surfaces using both Cu
(Figure 1B—D) and CO (Figure 1E—-G) tips17 (see Supporting
Information Sections 1.1 and 1.2 for details). CO deposition
was carried out at two different temperatures, 4.8 and 77.6 K,
while SPM measurements were always performed at 4.8 K
under ultrahigh vacaum (UHV) conditions (107" Torr).

COs appear as dark circular spots in STM images with a Cu
tip (Figure 1B and C), whereas each bright circular spot
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corresponds to a CO molecule when using a CO tip (Figure
1E,F) since Cu is an s-wave tip and CO is a p-wave tip.
Figure 1C,F shows numerous large circular spots that remain
present even when the amount of CO introduced into the
chamber greatly exceeds the expected saturation level (these
conditions are used as default throughout all subsequent
experiments). Further images of the same region, obtained
using AFM (Figure 1D and G), support the idea that the bright
circular spots represent CO vacancies. Moreover, we used a
CO tip to push the surface COs toward vacancy-like sites (see
Figure S1 for details of this procedure). These manipulation
experiments confirmed that the vacancy-like sites indeed
correspond to point defects, specifically point vacancies.
These results demonstrate that CO adsorption on Cu(111)
remains incomplete even under oversaturation conditions, with
the saturation coverage 6, less than the canonical 33%.

https://doi.org/10.1021/jacs.5¢13663
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Figure 2A,B display two large-scale SPM images of randomly
distributed CO molecules deposited at 4.8 K under over-
saturation conditions. Local disorder of the CO layer originates
from the coexistence of different types of line vacancies with
distinct CO—CO separations (see Figure S2C and D). We
employed a peak detection method (see Supporting
Information Section 2.1) to identify the COs in the images.
In Figure 2A, we identified nco = 943 adsorbed COs (red
circles) in an image of size ~ 20,365 A2 corresponding to
3,609 surface Cu atoms (n¢,). Therefore, the CO coverage was

™~ 26% Similar to Figure 1,

ne. 3,609
despite the excess of CO, all these images reveal a significant
presence of CO vacancies. In addition to point vacancies, the
images also contain line-type vacancies. These correspond to
the boundaries between lattice mismatched domains of
adsorbed COs, which could further lower the saturation
coverage 6 because their formation “deactivates” a large
number of surface sites for CO adsorption (Figure S2). Our
DFT calculations indicate a slight energetic preference for line
vacancy formation compared to point vacancy when 6 > 20%
(Figure S3), but this alone cannot account for the large
number of point vacancies observed.

At 77.6 K, CO molecules organize into a variety of ordered
domains, all exhibiting similar overall coverages. Figure 2C
displays one representative pattern, with an ideal coverage of
26.5% derived from its unit cell geometry (Figure 2D). Other
patterns are presented in Figure S4. The similarity between the
observed ~26% saturation coverage and the fraction of empty
space in face-centered cubic metals is intriguing and may
deserve further study.

2.2, Statistical Analysis. We analyzed over 3,400 SPM
images obtained from different samples, including large-scale
images and their partitioned “sub-images” (see Figure 2E for
the statistical data). Our results show that as the image radius
(r) increases, 6 converges to the sample mean (u = 26%).
Moreover, the @ distribution at 77.6 K is nearly identical to
that observed at 4.8 K, and its average is even slightly higher.
This behavior contrasts with the typical expectation where a
higher temperature should enhance adsorbate mobility,
weaken the Cu-CO binding strength, and thus lower the
saturation coverage. This suggests that the system can be
stabilized by forming ordered patterns.

To rationalize these experimental findings, we simulated the
CO/Cu(111) system using a Monte Carlo approach (see
Supporting Information Section 2.2; the code is available on
GitHub), where the adsorbed COs are assumed to “see” each
other over a certain interaction radius, R. Figure 2F exemplifies
a simulated image with R = 12.8 nm, containing 2,397 COs
and 9,216 Cu atoms. By analyzing over 30,000 simulated
images and varying R from 12.8 to 3.2 nm, we found that the
behavior of the simulated coverage could reproduce the
experimental observations (Figure 2E). This suggests an
experimental boundary/limit to how far CO molecules
influence each other’s adsorption. By comparing the
convergence rates of the experimental and simulated data
(for r > 2 nm) in Figure 2E,G, we could also infer that the
experimental R is likely to lie between 3.2 and 6.4 nm.

To determine the experimental R more precisely, we
assumed that our system obeys a hypergeometric statistical
distribution because we repeatedly sampled subimages with
radii r, from larger images without replacement."””’ The

corresponding standard deviation, o,, was calculated using

nco

calculated as 6 =
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u(l — p) \/NCu — Ngy,
O",X = X
nCui NCu -1 (l)

where p is the sample mean, ng, is the number of surface Cu

atoms in a sampled image from the ith experiment, N, is the
total number of surface Cu atoms within the area of radius R.
We solved for R by minimizing the random stochastic error in
a first-order approximation (See Supporting Information
Section 2.3) while varying N, from 570 (corresponding to
R =3.2 nm) to 2,280 (corresponding to R = 6.4 nm). With this
procedure, we obtained R = 5.3 nm, a value of the same
magnitude as the radius of surface long-range interactions
identified in previous work.””"** The red dashed curves in
Figure 2E indicate the range of possible coverages 0(r) for a
given image size, statistically solved with a confidence interval
of 68%.

We found that the experimental data exhibited significantly
faster convergence than our simulated data for small image
sizes (r < 2 nm). This suggests that the apparent randomness
in the experimental distribution of vacancies is constrained by
a local self-regulating mechanism, which helps to maintain a
stable coverage and avoids extreme scenarios, leading to faster
convergence in the experiments.

Figure 3AB shows the experimental and the simulated
cumulative probability (CP) as a function of @ for different
image radii. To quantify the behavior of the distribution, we
represented the CP as a Sigmoid function:

1

CPO) = - + KOOI

@)

Here r is the radius of the measured image, k(r) represents
the degree of concentration of data points in the data set, L(r)
represents the most likely value of 8 for an image of size r. Our
experimental data show that L(r) is a constant, 26%. Based on
the plotted k() curves, we assumed that k(r) follows a power-
law type function, k(r) = ar’. By least-squares fitting, we
obtained a., = 11.2247, b,,, = 2.007 =2 for the experimental
CP, and ag,, = 16.716m, b, = 1.047 =1 for the simulated one
(see Figure 3C,D; details of the fitting are available on
GitHub). These fitted values allow us to calculate the range of
possible outcomes when measuring 6. The confidence level (n
%) can be calculated using

Zln( 100 +n)

100 —n
k(r) (3)

Thus, if we wish to determine € from a random experimental
image with a radius of 4 nm, there is a 95% probability that the
results will fall within
(15 750)

2.007

— 0N s (24.7%, 27.3%).
11224 X X 4

Interestingly, our experimental data show a quadratic
dependence of k(r) on r (Figure 3C), while the simulation
data show a linear relationship (Figure 3D). The fitted
exponent values (2 and 1) suggest that the experimental data
deviates from the ideal 2D behavior, as determined by Monte
Carlo simulations. The origin of this deviation will be
discussed in the following.

2.3. Adsorbate—Adsorbate Electronic Interaction. To
study the electronic interactions between adsorbed species, we
computed™® the adsorption energy per CO, E,co as a
function of 8

€X]

n% =

26% +

https://doi.org/10.1021/jacs.5¢13663
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Figure 4. DFT calculations and elastic correction. (A) Calculated CO adsorption energy and its derivative with respect to 6 as functions of 6. The
brown and yellow dashed lines indicate the lower and upper limits of E,4,co from experimental measurements. The dashed and solid curves in cyan
show our calculated E 4/co before and after applying the elastic correction in eq S. The green, black, purple, white, and pink symbols denote
calculated E,q/co values at € = 6.25% and 25% from ref 25, ref 26, ref 27 ref 28, and ref 29, respectively, obtained using the corresponding
exchange—correlation functionals and codes. (B) Change in electron density upon CO adsorption at § = 26.4%, (isovalue: 0.00005 e™/A3, yellow:
positive, cyan: negative.) The surface configuration used for the calculation is based on the experimental AFM image (C), overlaid on a Cu(111)
model. (D) Schematic of elastic effect at a CO/Cu(111) interface for two CO molecules at a separation distance 77. The adsorption height equals

7 — 1;;. The inset shows a top view of the system where the CO on the left side is assumed to arrive at the surface first, and the transparent CO is

assumed to be adsorbed next. The large yellow solid circles show the original positions of the six neighboring atoms around the binding sites, and
the small yellow dashed circle and red arrows illustrate the contractive movement upon the adsorption of the first CO.

Esys - (EnCO + ECu(lll))

Eg/cod) = @

Here n is the number of adsorbed CO molecules, E,
represents the total energy of the nCO/Cu(111) system
(surface with n adsorbed molecules),E, o is the energy of the
nCO system without a substrate and Ec,(;;) represents the
energy of the bare Cu(111), modeled using a four-layer 12 X
12 slab exposing 144 surface Cu atoms. We used eq 4 instead
of taking the energy of an nCO system equal to n times the
energy of a single CO molecule in the vacuum (nE), because
we found that different surface distribution patterns, Q, of the
adsorbed CO’s can have slightly different values of E_;,co even
when their coverages are the same. To minimize such Q
dependence, we then replaced nEc with E,cq (see Figure S5
for a detailed comparison).

In Figure 4A, the green,25 black,* purple,27 white,*® and
pink® symbols denote E,qco values (from —1.34 to —0.20
eV) at 6 = 6.25% and 25% from previous theoretical
calculations. Most of these exchange—correlation functionals
(PW91,°° LDA,*' PBEsol,** PBE,** SCAN,** XYG3,*® PBE0,*"
RPBE,” and BEEF-vdW’®) substantially overestimated the
CO—Cu binding strength compared with experimental values,
which range from —0.49 eV, at low coverage to —0.36 eV at
high coverage (brown and yellow dashed horizontal lines in
Figure 4A), while B3LYP* and HSE03,"' including a fraction

8
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of Hartree—Fock exchange, yielded slightly weaker binding.
D3BJ corrections™* were considered for PBE and B3LYP. In
our large unit cell-based calculations (see Supporting
Information Section 2.4 for details), the adsorption energy of
CO (computed at fixed surface geometry) varies from —0.58 to
—0.51 eV, with increasing @ (blue dashed curve in Figure 4A),
showing a reasonable agreement with experiment.

Figure 4B shows the computed change in electron density
upon adsorption, Ap(8) (see Supporting Information Section
2.4), for a CO adsorption configuration constructed based on
an experimental AFM image (Figure 4C). Ap(6) exhibits an
excess electron density, appearing as “bubbles”, above vacant
surface Cu atoms. The formation of such “bubbles” can be
attributed to the quantum confinement of the 2D surface state
electrons of Cu(111) induced by the adsorption of CO.® It is
also noteworthy that the enhancement of electronic density at
point vacancies (such as the i site) significantly surpasses that
on the neighboring atoms (such as the ii site), which are
“deactivated” by the adsorbed CO, in agreement with the
measured STM image obtained with an s-wave Cu tip'®"’
(Figure 1C).

When a CO molecule adsorbs on a top site of a Cu(111)
substrate, its 5¢ orbital interacts with the 3dz* orbital of a Cu
atom.*™* Our calculations show that Cu’s in-plane 3d orbitals
shift toward the Fermi level upon CO adsorption, while the
changes of the out-of-plane orbitals are much less pronounced.

https://doi.org/10.1021/jacs.5¢13663
J. Am. Chem. Soc. 2026, 148, 360—367
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Moreover, the width of Cu’s d band shrinks by ~20% as 8
increases from 0 to 33.3% (see Supporting Information Section
2.6 for details). This compression causes a shift toward lower
energy of the d-band center, a well-known reactivity descriptor
in surface chemisorption.”” For 6 > 20%, there is also an
increase of the energy gap (A) between 3d,2, and the in-plane
orbitals (Figure S6), which makes the interaction between the
CO’s 50 and the Cu’s 3d orbitals less favorable. These
changes in surface electronic states, together with the
formation of the electron “bubbles”, can weaken the strength
of the Cu-CO binding.

2.4. Indirect Elastic Interaction (IEl). The IEI between
adsorbed CO molecules is always repulsive for our system. As
illustrated in Figure 4D, the adsorption of a CO molecule
generates an overall pulling force on the nearby Cu atoms,
which leads to a tightening of the lattice near this CO and an
expansion away from it (indicated by the yellow dashed circles
and red arrows). When a second CO molecule is adsorbed
near the first one, it will also attempt to induce a tightening of
the nearby lattice. However, this will be hindered by the
expansion caused by the first CO, ultimately causing a
repulsive force between the two CO molecules.”"”

In DFT calculations, the effect of IEI is generally included
through structural relaxation. However, relaxing the atomic
positions of a system as large as our slab model is
computationally costly. Therefore, we fully relaxed the system
at low (0 = 4.2%) and high (6 = 26.4%) coverages only (red
circles in Figure 4A). The relaxed systems exhibit less negative
adsorption energies. This is because the lattice constant is
obtained from the bulk system. When constructing the surface
using this lattice constant, the surface atoms experience
residual stress due to the loss of coordination at the surface.
Upon relaxation, the surface structure adjusts to compensate
for undercoordination, an effect that is partially offset by CO
adsorption through restoring coordination at the adsorption

sites.”® As a result, the decrease in Esr;sl is smaller than the

decrease in Eéﬂ(m); leading to less negative adsorption
energies. To reduce the computational cost, we introduce an
(8, Q), to account for the IEI energy
between molecules at all other investigated CO coverages. To
evaluate the adsorption energy per CO we thus redefine
E.q/co(0, Q) as

additional term, E ;.

Eq/co(6, Q)
unrel
Esyl;l ¢ - (EnCO + ECu(lll)) + Eelastic(gl Q)

n (s)

where Esl;f;rel is the total energy of the unrelaxed system while

Eatic(6,2) is calculated using a revised version of the two-
adatom interaction exprression7 (see Supporting Information
Section 2.7 for details).

Figure 4A shows that the elastic corrected adsorption
energies (blue solid curve) agree well with the computed
energies for the relaxed structures (red circles). Our calculated
adsorption energy ranges from —0.58 eV at low coverage to
—0.4S5 eV at high coverage. Although the absolute values are
about 0.09 eV lower than the experimental measurements
(—0.49 eV at low coverage; —0.36 at high coverag;e),g’39 the
coverage-dependent trend is consistent. From low to high
coverage, the adsorption energy increases by 0.13 eV,
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indicating a progressive weakening of CO binding strength,
in excellent agreement with experiment.

Additionally, we evaluated the chemical potential of
adsorbed CO for several structures derived from experimental
images by taking the first derivative of the adsorption energy
with respect to 6 (black solid curve in Figure 4A). We
observed a sharp drop in the chemical potential of CO at 8 =
26%, indicating a substantial change of the interface properties.
This drop followed a noticeable upward bend of the curve at 8
> 20%, suggesting that adsorption becomes increasingly
unfavorable. This observation agrees with the observed change
in electronic structure when 6 reaches 20% (Figure S6), which
is most likely related to the quantum confinement of the 2D
surface state electrons.

3. CONCLUSIONS

CO adsorption on Cu(111) saturates at ~26%, substantially

below the anticipated 33% for the J3 X /3/R30° structure.
This anomalous limit is robust across a significant range of
dosing and temperature conditions, indicating an intrinsic
thermodynamic constraint rather than kinetic hindrance.
Atomic-scale imaging and statistical analysis reveal that CO
molecules influence adsorption over ~5.3 nm, far exceeding
chemical bonding ranges. DFT calculations reveal that
substrate-mediated electronic interactions, facilitated by elastic
effects, progressively weaken CO binding with increasing
coverage, thereby enforcing a collective self-limiting density.
Comparable systems such as Ag(111)'* and Pt(111)" have
not shown a similarly pronounced manifestation of this effect,
underscoring that Cu(111) serves as an ideal platform to
identify the crucial role of substrate-mediated interactions in
shaping interface structures beyond simple steric saturation or
surface poisoning.

Although the CO adsorption configurations reported here
are only stable under low-temperature and ultrahigh-vacuum
conditions, the underlying mechanism of substrate-mediated
collective interactions is conceptually relevant to heteroge-
neous catalysis, as recognized in prior model-surface
studies.”” ™" The discovery that collective surface responses
can globally dictate adsorption arrangements suggests broader
implications for surface chemistry. Intrinsic limits on adsorbate
density may critically impact catalytic performance.>” Finally,
our findings offer experimental/empirical validation of a recent
theoretical prediction® that strong adsorbate—adsorbate
interactions induce a nonlinear quadratic coverage dependence
of adsorption energy, leading to self-limiting arrangements of
adsorbates on surfaces.
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