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ABSTRACT
Magnesium oxide is a paradigmatic ionic oxide, yet its experimentally observed chemical activity remains difficult to reconcile
with its wide band gap and non-reducible character. Here, we combine polarization-dependent infrared reflection–absorption
spectroscopy with hybrid density functional theory to investigate CO adsorption on well-defined MgO single-crystal surfaces,
explicitly disentangling the roles of surface orientation, point defects, and low-coordination step-edge sites. Using CO as a site-
sensitive vibrational probe, we demonstrate that the reactivity of MgO(100) originates from fourfold-coordinated Mg4c

2+ step-
edge sites rather than terrace Schottky defects. Distinct vibrational signatures, adsorption geometries, and binding energies are
observed in quantitative agreement between experiment and theory. On the more open MgO(110) surface, where Mg4c

2+ sites are
intrinsic to the terrace, a coordination-controlled trend emerges: Mg4c

2+ sites bind CO more strongly and exhibit higher-frequency
bands than Mg5c

2+ sites. Analysis of transition dipole moments (TDM) further reveals a substantial enhancement of infrared
intensities at low-coordinated sites, underscoring the need to account for site-specific dipole strengths in spectral interpretation.
These results establish extended low-coordination motifs as the dominant defect sites on MgO surfaces, with direct implications
for metal anchoring and the design of defect-engineered oxide catalysts.
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Introduction

agnesium oxide is a wide-band-gap, nonreducible oxide that
as long served as a benchmark system for studying weak adsorp-

ion on insulating surfaces. Achieving quantitative agreement
etween experiment and theory—even for an ostensibly “simple”
dsorbate such as CO on MgO(100)—has nevertheless required
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substantial effort [1–23]. Based on its closed-shell electronic struc-
ture and large band gap, the ideal MgO(100) terrace is generally
expected to be chemically inert. Yet, this expectation contrasts
sharply with the excellent catalytic performance exhibited by
MgO in organic transformations such as the dehydrogenation
of secondary aliphatic alcohols [24] and transfer hydrogenation
[25]. Numerous experimental studies have reported pronounced,
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ite-specific reactivity on MgO surfaces, manifested by enhanced
dsorption energies and substantial vibrational frequency shifts
f small adsorbates [26–36]. This apparent contradiction, often
eferred to as the MgO chemical activity paradox, reflects a funda-

ental gap between the idealized terrace model and the behavior
f real surfaces and is commonly attributed to low-coordination
ites such as vacancies (F centers and Schottky defects), step
dges, and kinks, which generate local electrostatic fields capable
f stabilizing directional adsorbate–surface interactions without
nvoking bulk reducibility or cation redox chemistry [37–48].

espite their recognized importance, the spectroscopic signa-
ures and adsorption energetics of individual defect types on this
rototypical ionic surface remain poorly defined. In particular,
he relative contributions of terrace defects versus extended step
tructures to the observed reactivity have not been resolved exper-
mentally. Identifying reactive sites on MgO surfaces therefore
equires site-resolved information on interactions with probe

olecules such as CO—an approach that is also applicable under
perando conditions [49, 50].

ere, we address this challenge by providing a direct, site-
esolved spectroscopic characterization of CO adsorbed on

gO(100) and MgO(110) single-crystal surfaces, including
xperimentally determined binding energies. By combining
olarization-dependent infrared reflection–absorption
pectroscopy (IRRAS), density functional theory (DFT)
alculations, and the deliberate preparation of surfaces with
aried step abundance, we determine the adsorption geometry,
ibrational fingerprint, binding energetics, and coverage
ependence of CO at differently coordinated Mg2+ sites. Notably,

nvestigation of the previously unexplored (110) surface reveals
scenario distinct from MgO(100), in which CO bound to step

efects exhibits a lower vibrational frequency than CO adsorbed
n regular terrace sites.

he adsorption energies obtained experimentally are incompat-
ble with CO bound to terrace color centers or Schottky defects.
nstead, step edges are identified as the predominant defects
n these two low-Miller-index MgO surfaces. Crucially, quan-
ification of site-dependent transition dipole moments (TDM)
eveals that the infrared intensities associated with step-edge-
ound CO exceed those of terrace species by approximately a
actor of five. This finding demonstrates that the absence of site-
esolved information can lead to substantial misinterpretation of
nfrared spectra. Together, these results have direct implications
or metal anchoring and the rational design of MgO-supported
pecies, particularly single-atom catalysts [51–55].

Results and Discussion

revious low-temperature IR spectroscopic studies of CO adsorp-
ion on MgO(100) surfaces have consistently reported a dominant
ibrational band centered at ∼ 2152 cm−1 (Figure S1a–c) [6–9].
or cleaved MgO(100) single crystals, Heidberg et al. observed
his feature exclusively, with no indication of higher-frequency
omponents [6]. In these early measurements, IR spectra were
ecorded in transmission geometry, and the sensitivity was insuf-
icient to detect the CO band in s-polarization. Similarly, MgO
moke particles with well-defined cubic morphology, exposing
of 11
predominantly (100) facets, exhibited only the 2152 cm−1 band
[7]. For more defective particles, a weak band at ∼2165 cm−1

was attributed to CO bound to Mg cations at edges [56], as also
reported by Sterrer et al. for CO adsorbed on thin MgO(100)
films (≈20 monolayers (MLs)) grown on Mo(001) substrates [8,
9]. Polarization-dependent measurements were not feasible in
these previous studies: for powder samples they are inherently
inaccessible, and for metal-supported thin films the surface selec-
tion rule precludes measurements with s-polarization. Moreover,
experimental data for CO bound to MgO(110) surfaces are not
available to date.

Figure 1a shows deconvoluted p-polarized IRRAS spectra of
CO adsorbed on sputter-annealed macroscopic MgO(100) single
crystals at 67 K. The surface quality was assessed by grazing-
emission x-ray photoelectron spectroscopy (XPS) and low-energy
electron diffraction (LEED). The XPS data reveal a chemically
clean surface containing only trace amounts of Ca2+ impurities
(0.3% ± 0.2%, Figure S2a). A detailed analysis of the XPS infor-
mation depth and upper limit of the surface Ca concentration is
provided in the Supporting Information. The LEED data confirms
a (1 × 1) ordered surface structure with no evidence of Ca-induced
reconstruction (Figure S2b) [57]. Importantly, the LEED pattern
exhibits broadened diffraction spots, indicating a significant
density of surface defects on MgO(100), as corroborated by the
corresponding IRRAS data.

At low coverage, a single high-frequency band at 2171 cm−1

is observed, gradually red-shifting with increasing CO dose
(Figure 1b,c). As this band approaches saturation, a second fea-
ture at 2157 cm−1 emerges and becomes dominant. At saturation,
alongside the main band at 2152 cm−1 assigned to CO adsorbed on
five-fold coordinated Mg5c

2+ terrace sites, a distinct blue-shifted
peak is unambiguously identified at 2163 cm−1.

A key difference between these two CO species is revealed by
the polarization-resolved spectra in Figure 1d. While the 2164
cm−1 band is significantly weaker than the 2153 cm−1 band in
p-polarization, the two bands exhibit comparable intensities in
s-polarization (intensity ratio ≈ 1:1 in s-polarized vs. ∼1:2 in p-
polarized). This observation indicates a predominantly upright
adsorption geometry for the 2153 cm−1 species, with only a small
apparent tilt arising from thermally excited librations [58]. In
contrast, the increased relative intensity of the 2164 cm−1 band in
s-polarization reflects a substantially tilted adsorption geometry.
We note that the small frequency splitting (∼4 cm−1) between p-
and s-polarized spectra arises from the dielectric response of the
substrate and is intrinsic to IRRAS on insulating surfaces [58].

The evolution of the CO-IRRAS data upon systematic modifica-
tion of the MgO(100) surface further supports the assignment
of the high-frequency CO band to adsorption at defect-related
sites (Figure S3). Successive sputter-anneal cycles lead to a
gradual decrease in the relative intensity of the ∼2165 cm−1 band
(Figure 1e), consistent with a reduction in the density of low-
coordination defect sites upon high-temperature annealing. In
contrast, sputtering at 300 K for 30 min without subsequent
annealing produces a markedly enhanced contribution of the
high-frequency feature, which accounts for approximately 73% of
the total CO signal. Together, these results support the assignment
of the 2165 cm−1 band to CO adsorbed at low-coordinated Mg4c

2+
Angewandte Chemie International Edition, 2026
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FIGURE 1 Polarization-resolved IRRAS data for CO adsorption on MgO(100) single crystal surfaces. (a) Deconvoluted coverage-dependent IRRAS
spectra recorded with p-polarized light at 67 K. (b) Integrated intensities of the CO bands as a function of CO dose. (c) Vibrational frequency shifts of the
two CO bands as a function of relative band intensity. (d) Deconvoluted p- and s-polarized IRRAS spectra acquired after CO exposure (10 L) on MgO(100)
at 70 K. (e) Relative intensity of the defect-related high-frequency CO band (∼2165 cm−1), defined as the ratio of the peak area of the 2165 cm−1 band to
the total peak area of both CO bands, as a function of surface preparation by successive sputtering (10 min at 300 K) and annealing (15 min at 850 K in 1 ×
10−6 mbar O2) cycles. (f–h) Temperature-dependent IRRAS data for CO desorption from MgO(100): (f) Deconvoluted p-polarized IRRAS data recorded
after CO adsorption (10 L) at 68 K and subsequent annealing to the indicated temperatures. (g) Integrated intensities of the CO bands associated with
Mg5c

2+ terrace sites and Mg4c
2+ defect sites as a function of sample temperature, used for Redhead-type analysis of adsorption energies. (h) Vibrational

frequency shifts of the CO bands as a function of relative band intensity during the desorption process. All spectra were measured at a grazing incidence
angle of 80◦ under UHV conditions (base pressure 8 × 10−11 mbar).
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urface defects. We note, however, that the relative IRRAS
ntensities of terrace- and defect-related CO bands cannot be
nterpreted directly in terms of the relative occupation of the
orresponding adsorption sites, because the measured intensities
lso depend on adsorption geometry, polarization selection rules,
overage, and the site-dependent TDM [59]. As discussed below,
FT calculations show that the IR intensity associated with the
O stretching mode is larger for CO adsorbed at step-related sites
han for CO adsorbed on terrace sites.

ngewandte Chemie International Edition, 2026

 C
rea
Temperature-dependent IRRAS measurements provide direct
information on the binding energies of the distinct CO species
on MgO(100). Figure 1f shows deconvoluted p-polarized IRRAS
spectra recorded during annealing of the CO-covered surface.
With increasing temperature, the 2152 cm−1 band assigned to CO
adsorbed on Mg5c

2+ terrace sites on MgO(100) rapidly attenuates
and disappears at ∼75 K. In contrast, the high-frequency CO
signal associated with defect-related Mg4c

2+ sites persists to
higher temperatures and vanishes only after heating to ∼95
3 of 11

tive C
om

m
ons L

icense



K
e
s
d
C
M
p
a
s
H

I
M
q
F
w
c
a
l
f
s

I
d
a
a
(
a
t
o
L
{
o

F
s
C
2
f
i
g
c
s
g
p
i
m

T
y
M
v
q
(
f
t
s
f
f
f

4

 15213773, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.2101486 by K

arlsruher Institut Fur T
echnologie, W

iley O
nline L

ibrary on [28/08/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable 
. A Redhead-type analysis [60] (Figure 1g) yields adsorption
nergies of 21.5 kJ mol−1 (0.22 eV) for CO bound to Mg5c

2+ terrace
ites and 27.5 kJ mol−1 (0.28 eV) for CO adsorbed at Mg4c

2+

efect sites in the low-coverage limit, corresponding to isolated
O at the respective sites. The CO binding energy on regular
g5c

2+ sites agrees well with values reported from temperature-
rogrammed desorption experiments (20.6 ± 2.4 kJ mol−1) [14]
nd DFT calculations (21.2 kJ mol−1) [61]. For CO at Mg4c

2+

teps, a comparable binding energy of 0.33 eV was reported from
artree–Fock cluster model calculations [4].

n addition to changes in intensity, all CO adsorbate species on
gO(100) exhibit systematic blue shifts in their vibrational fre-

uencies as the coverage decreases during annealing (Figure 1h).
or CO−Mg5c

2+, the band maximum shifts from 2152 to 2161 cm−1,
hile the CO−Mg4c

2+ band shifts from 2163 to 2178 cm−1. Similar
overage-dependent frequency shifts are observed during CO
dsorption at 67 K (see Figure 1c) and are attributed to repulsive
ateral interactions between adsorbed CO molecules, arising
rom a combination of dynamic dipole–dipole coupling and
ubstrate-mediated static interactions [62, 63].

nterestingly, the more open MgO(110) surface exhibits markedly
ifferent CO adsorption behavior. The surface quality was char-
cterized by grazing-emission XPS and LEED (Figure S4). XPS
nalysis again reveals only trace amounts of Ca2+ (0.8% ± 0.2%)
Figure S4b). A detailed analysis of the XPS information depth
nd upper limit of the surface Ca concentration is provided in
he Supporting Information. The LEED data show no evidence
f Ca-induced reconstruction (Figure S4b) [57]. Notably, the
EED pattern exhibits weak diffuse streaking, indicative of

100}-type surface faceting [64], fully consistent with the IRRAS
bservations discussed below.

igure 2 shows the deconvoluted, polarization-resolved IRRAS
pectra at 60 K. In p-polarization (Figure 2a), the dominant
O band appears at 2175 cm−1 at low coverage and shifts to
165 cm−1 at saturation, consistent with adsorption on regular
ourfold-coordinated Mg4c

2+ terrace sites. Its absence or weak
ntensity in s-polarization (Figure 2b) indicates a nearly upright
eometry. A second band at 2158–2153 cm−1 in p-polarization
an be assigned to CO on fivefold-coordinated Mg5c

2+ ions at
tep sites; its predominance in s-polarization confirms a tilted
eometry (Figure S5). We note that CO signals measured with s-
olarized light are intrinsically much weaker than those observed

n the p-polarized spectra, rendering the corresponding IRRAS
easurements substantially more challenging [59].

emperature-dependent spectral analysis (Figures 2c and S6)
ields binding energies of 21.5 kJ mol−1 (0.22 eV) for CO on
g5c

2+ and 28.0 kJ mol−1 (0.29 eV) for CO on Mg4c
2+, in line with

alues on MgO(100). Furthermore, similar coverage-related fre-
uency shifts are observed for both CO species during adsorption
Figure 2a,b) and desorption (Figure 2d). Such coverage-induced
requency shifts are not expected for isolated defects, such as
errace vacancies and color centers, or for randomly distributed
tep and kink sites. Overall, these observations in CO vibrational
requency, adsorption geometry, and binding energy provide
urther evidence that the 2163 cm−1 band on MgO(100) originates
rom CO bound to fourfold-coordinated Mg 2+ defect sites.
4c

of 11
To interpret the polarization-dependent IRRAS results and
establish an unambiguous adsorption-site assignment, density
functional theory (DFT) calculations were performed for CO
on MgO. Three model systems were considered (Figure 3): (i)
the ideal MgO(100) terrace, represented by a slab model using
a (3 × 3) surface supercell; (ii) the lowest-energy terrace point
defect examined here, an adjacent Mg–O vacancy pair (“Schottky
dimer”) within the same (3 × 3) surface supercell; and (iii)
monoatomic step edges modeled using stoichiometric MgO(107)
stepped slabs with a (1 × 7) surface repeat unit. The complete set
of pristine, point-defect, and extended-defect models screened in
this work, together with their defect-formation energies, is shown
in Figure S7. A larger (2 × 7) surface supercell was employed
to assess convergence with respect to adsorbate–adsorbate inter-
actions along the step edge. A wider set of point and extended
defects (including O and Mg vacancies and Frenkel-type motifs)
was screened; these structures are substantially less stable than
the Schottky dimer and are therefore not expected to dominate
the defect population under our preparation conditions. The
corresponding structures, formation energies, and computational
settings are reported in the Supporting Information. For each
of the three target models, we computed adsorption energies,
optimized geometries (including the CO tilt angle), harmonic C–
O stretching frequencies, and infrared intensities (proportional to
the square of the TDM), enabling a direct comparison with the
experimentally determined binding energies, vibrational shifts,
and polarization-dependent intensities.

A long-standing issue in the CO/MgO literature is that abso-
lute adsorption energies are sensitive to the electronic-structure
treatment and computational details, reflecting the largely elec-
trostatic nature of CO binding on MgO(100). Early periodic
calculations comparing Hartree–Fock and local density func-
tional descriptions already highlighted this method dependence
[5]. High-level benchmarks based on correlated wavefunction
methods have since converged on low-coverage adsorption ener-
gies on the order of ∼20 kJ mol−1 [17, 18, 61]. Other studies
pointed to the relevant role of dispersion contributions [65, 66].
The current view is that of weak physisorption largely governed
by electrostatics and polarization, with a secondary contribu-
tion from dispersion. Importantly, recent periodic correlated
calculations explicitly spanning dilute to high-coverage regimes
(Θ→1) report that the binding strength becomes substantially
less exothermic, reflecting the growth of lateral CO–CO repulsion
[67].

As described above, the temperature-dependent IRRAS data for
MgO(100) (Figure 1f–h) show systematic blue shifts of both CO
bands as their intensities decrease during desorption, directly
evidencing repulsive lateral interactions within the adlayer.
Complementary polarization-resolved dosing experiments on
MgO(100) (Figure 1a–c) further reveal a clear coverage-dependent
evolution of band positions and relative intensities. Although
the integrated band intensities approach saturation at higher
exposures, the continued coverage-dependent spectral evolution
indicates that the local adsorption environment does not con-
verge to a single, coverage-independent vibrational signature
characteristic of a well-defined commensurate ML. Within this
context, our objective is not to redefine a benchmark adsorption
energy, but to employ an internally consistent dataset to assess
Angewandte Chemie International Edition, 2026
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FIGURE 2 (a,b) Deconvoluted polarization-resolved IRRAS data for CO adsorption on MgO(110) at 60 K as a function of CO dose: (a) p-polarized
IRRAS spectra; (b) s-polarized IRRAS spectra. (c,d) Temperature-dependent IRRAS data for CO desorption from MgO(110) recorded after CO adsorption
(1 L) at 60 K and subsequent annealing to the indicated temperatures. (c) Integrated intensities of the distinct CO bands as a function of sample
temperature, used for Redhead-type analysis of adsorption energies. (d) Vibrational frequency shifts of the CO bands as a function of relative band
intensity during the desorption process. All spectra were collected at a grazing incidence angle of 80◦ along the [001] azimuth. The small frequency
offset (∼4 cm−1) between s- and p-polarized spectra arises from the dielectric response of the substrate and is intrinsic to IRRAS on insulating surfaces
[58].
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hether the formation of a stable, homogeneous CO ML is
hermodynamically compatible with the experimental regime.

o this end, we evaluated the coverage dependence of the adsorp-
ion strength on the MgO(100) terrace by computing the average
O adsorption energy per molecule (|Eads/CO|) as a function of

(Figure 4a). This analysis was performed at the PBE level,
nabling systematic treatment of multiple coverages and adlayer
rrangements at manageable computational cost. This choice is
urther motivated by prior studies of CO adsorption on oxide
urfaces showing that, for weakly bound CO, hybrid functionals
e.g., HSE06) yield adsorption energies on a comparable energy
cale to GGA(+U) approaches [68–70], even though vibrational
roperties exhibit greater functional sensitivity.

he computed trend in Figure 4a reveals a progressive reduction
f |Eads/CO| with increasing Θ, with pronounced weakening
oward high coverage. This behavior reflects increasingly repul-
ive lateral interactions within the CO adlayer, including dipole–
ipole coupling and packing constraints. The energetic trend
hus provides a thermodynamic explanation for the coverage-
ependent spectral evolution observed experimentally.

inally, the coverage dependence provides a natural link between
dsorption energetics and the structural organization of the
O adlayer. Even for the well-characterized commensurate CO
verlayer on MgO(100), combined modelling and vibrational
nalysis have indicated that upright (top) and tilted CO motifs
an coexist within the same ordered layer (e.g., at Θ ≈ 0.75 ML)
71]. Notably, the commensurate c(4 × 2) overlayer reported in
ef. [71] forms at low temperature and near-ML coverage, whereas
ngewandte Chemie International Edition, 2026
under the present IRRAS conditions CO remains in the submono-
layer regime and the spectra are interpreted without invoking
long-range adlayer order. This precedent for mixed adsorption
geometries supports the interpretation that, at experimentally rel-
evant coverages, both upright and tilted configurations contribute
to the measured vibrational response.

To assess the microscopic origin of the experimentally observed
terrace and defect-related CO bands, we directly compare the
calculated adsorption properties of CO on the three MgO motifs
introduced above. Among these, CO adsorption at Mg4c step-
edge sites stands out clearly. In the step-edge model, a single
CO molecule bound to an Mg4c cation exhibits a distinctly blue-
shifted C−O stretching frequency (Δν ≈ +22 cm−1) together
with a substantially stronger binding energy (Eads/CO ≈0.35 eV,
Figure 4d). This combination of a sizeable positive frequency shift
and enhanced adsorption strength matches closely the experi-
mentally identified defect-related CO species, which persists to
higher temperatures in the desorption series and is associated
with the larger experimental binding energy (∼0.28 eV) of the
defect-related CO band at 2163 cm−1.

To further connect these energetic trends with the intensity anal-
ysis discussed above, we performed an ab initio thermodynamic
comparison of selected CO-covered terrace, Schottky-defect, and
step-edge configurations as a function of the CO chemical
potential (Figure S8). This analysis is not intended to extract
absolute coverages under the directional-dosing conditions of the
experiment. Rather, it shows that step-bound CO configurations
become stabilized at lower CO chemical potential than CO-
covered terrace configurations, supporting the conclusion that
5 of 11
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FIGURE 3 Surface models employed in the DFT calculations. (a)
Pristine MgO(100) terrace represented by a slab model using a (3 × 3)
supercell (top and side views). (b) MgO(100) slab with (3 × 3) surface
periodicity containing a Schottky dimer defect, consisting of adjacent Mg
and O vacancies (top view). (c) Stoichiometric MgO(107) stepped slabs
exposing monoatomic step edges, shown for (1 × 7) and (2 × 7) surface
supercells (top views). (d) Stoichiometric MgO(110) surface (top and side
views). For clarity, the top views in (a) and (d) display only the outermost
surface layer of the slab. Color code: fivefold-coordinated surface Mg
(Mg5c

2+) in orange, fourfold-coordinated Mg (Mg4c
2+, characteristic of

step-edge sites) in yellow, and O in red. For the MgO(110) model in (d),
Mg and O atoms in the second layer are displayed in lighter shades to
distinguish them from the outermost surface layer. Mg vacancies are
indicated by black squares and O vacancies by black stars. This color
scheme is used consistently throughout all figures in this paper.
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qual fractional occupation of Mg4c
2+ step sites and Mg5c

2+ ter-
ace sites is not expected under low-temperature submonolayer
onditions.

quantitative determination of the absolute defect density
rom IRRAS data is, however, not straightforward, because the
ntensity of an adsorbate vibration depends not only on the
umber of adsorbed molecules, but also on the fractional occu-
ation of each site type, the site-specific CO-stretching response,
nd the adsorption geometry under polarization-resolved IRRAS
onditions. In simplified form, the intensity of a band associated
ith site type i can be written as Ii∝NiθiAifi, where Ni is the
umber of available sites, θi their fractional CO occupation,
of 11
Ai the calculated CO-stretching intensity, and fi accounts for
geometry- and polarization-dependent IRRAS effects. For the
representative adsorption configuration considered here (θstep
= 1 and θterrace = 0.33 ML, Figure 4e), the dynamic dipole
contribution associated with the CO stretching mode is approx-
imately five times larger for CO adsorbed at Mg4c

2+ step sites
than for CO adsorbed at Mg5c

2+ terrace sites. Together with the
stronger adsorption of CO at Mg4c

2+ step sites, this explains
why the step-related band can remain comparatively intense
despite the lower geometrical abundance of step sites, consistent
with the experimentally observed intensity distribution discussed
above.

Crucially, this assignment remains robust under conditions rel-
evant to the experimental submonolayer regime. When a larger
stepped surface cell (2 × 7) is populated with multiple CO
molecules, the calculations predict two step-related vibrational
contributions centered at Δν ≈ +19 and +10 cm−1, with the
+19 cm−1 component carrying the dominant computed infrared
intensity (Figure 4e). This intensity hierarchy provides a direct
explanation for why the experimentally observed defect band
appears as a single dominant high-frequency feature rather than
a clearly resolved doublet (Figure 1f): the IRRAS response is
dominated by the step-associated mode with the larger TDM,
while the weaker contribution would appear, at most, as a subtle
shoulder.

For the Schottky-dimer model, we focused on an ordered multi-
CO arrangement corresponding to a local coverage of Θ = 2/3
ML, defined with respect to the available cationic adsorption
sites in the defect-containing supercell (Figure 4b,c), where one
Mg site is removed by the Schottky defect. This corresponds
to a comparatively dense population of adsorption sites in the
immediate defect environment. This choice is motivated by the
preceding coverage analysis showing that, under the experi-
mental submonolayer regime, CO is not expected to form a
homogeneous close-packed layer; instead, locally dense patches
can coexist with more weakly populated regions. Structurally, a
Schottky dimer introduces low-coordination adsorption motifs
(Mg4c

2+/O4c
2−) that are step-like in terms of reduced coordination.

Importantly, even under this locally high-coverage condition, the
Schottky model yields two distinct CO stretching contributions
(Δν ≈ +4 and +19 cm−1) but significantly weaker adsorption
energies (|Eads/CO| ≈ 0.1 eV), which are incompatible with the
experimentally determined adsorption energy (∼0.28 eV) of the
defect-related CO band at 2163 cm−1.

The thermodynamic propensity for generating extended step-like
motifs is supported by the defect-formation energetics obtained
from a (5 × 5) surface model. The formation energy of the
first Schottky dimer, referenced to the defect-free surface, is
3.41 eV (Figure S8). Formation of two adjacent Schottky dimers
requires 5.31 eV relative to the pristine surface, corresponding
to an incremental formation energy of 1.90 eV for the second
dimer. Thus, the incremental cost of creating a contiguous second
dimer is reduced by approximately 45% compared with the first-
dimer formation energy, indicating a driving force for defect
aggregation. Such aggregation provides a structurally plausible
route to extended vacancy or edge motifs with genuine step char-
acter, that is, Mg4c environments consistent with the dominant
experimental high-frequency CO band.
Angewandte Chemie International Edition, 2026
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FIGURE 4 (a) Coverage dependence of the average adsorption energy per CO molecule, |Eads/CO|, on MgO(100) computed at the PBE level;
optimized structures corresponding to selected coverages are shown as insets (3 × 3 cell). (b,c) Top and side views of representative ordered CO adlayers
on a Schottky dimer model at Θ = 2/3 ML, together with the computed adsorption energies (Eads/CO) and C–O stretching-frequency shifts, Δν, relative
to gas-phase CO. (d) Optimized geometry of a strongly bound CO species at an MgO step site, highlighting the Mg–C and C–O bond lengths and the
corresponding Eads/CO and Δν (1 × 7 cell). (e) Simulated IR spectra for CO at step-edge (red) and terrace sites (black), illustrating the characteristic
positive frequency shifts associated with step-edge and terrace adsorption configurations (2 × 7 cell). Adsorption energies and vibrational frequency
shifts shown in panels (b–e) are computed at the HSE06 level. Color code: C atoms of CO are shown in black and O atoms of CO in violet.
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he polarization-dependent infrared intensity further reinforces
he step-edge assignment when TDM are considered explic-
tly. The computed surface-normal CO-stretching response for
O bound at Mg4c

2+ step-edge sites is larger than that for
errace-bound CO. This calculated enhancement should not be
nterpreted as a direct quantitative IRRAS intensity ratio, as the

easured intensity also depends on fractional occupation, local
tep geometry, molecular orientation, coverage, and polarization
onditions. Nevertheless, together with the stronger adsorption
f CO at Mg4c

2+ sites and the polarization-resolved evidence for a
ilted step-bound species, these results rationalize why the step-
elated band remains comparatively intense in the experimental
pectra despite the lower concentration of step-edge sites rel-
tive to terrace sites. Taken together, the combined agreement
n (i) adsorption strength, (ii) vibrational blue shift, and (iii)
elative intensity supports the conclusion that the experimentally
bserved high-frequency CO band originates predominantly from
ngewandte Chemie International Edition, 2026
CO bound at Mg4c
2+ step-edge sites rather than from isolated

Schottky-dimer motifs on the terrace.

Having established the microscopic origin of the high-frequency
CO band on MgO(100), we now turn to MgO(110), where fourfold-
coordinated Mg4c

2+ sites are intrinsic to the ideal surface and
thus allow a direct assessment of coverage-dependent adsorption
motifs. Figure 5 summarizes the coverage dependence of CO
adsorption on MgO(110). At full ML coverage (Θ = 1 ML), three
local minima are obtained: a tilted configuration, an on-top
configuration, and a bridge configuration (Figure 5a). The tilted
state is the most strongly bound at this coverage (0.26 eV) and
exhibits a red shift of the CO stretching frequency by −16 cm−1

relative to gas-phase CO. The on-top state is less strongly bound
(0.14 eV) and shows a blue shift of +23 cm−1, while the bridge
state is intermediate in stability (0.19 eV) and also presents a blue
shift of +14 cm−1. Upon decreasing the coverage to Θ = 0.25 ML
7 of 11
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FIGURE 5 Optimized adsorption geometries (top and side views)
for the stable local minima obtained at different coverages Θ on MgO(110).
(a) At Θ = 1.0 ML, three adsorption motifs are identified: tilt, top, and
bridge configurations. (b) At Θ = 0.25 ML, only on-top and a slightly tilted
bridge* minimum remain stable. (c,d) At intermediate coverages Θ = 0.50
ML (c) and Θ = 0.75 ML (d), the calculations converge to a single stable
on-top configuration.
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Figure 5b), the adsorption landscape simplifies: only an on-top
inimum and a slightly tilted bridge* minimum remain stable.

he on-top state binds with an adsorption energy of 0.29 eV and
ields a blue shift of Δν = +28 cm−1, whereas the bridge state is
early isoenergetic (0.30 eV) but displays a smaller blue shift (Δν
+14 cm−1). Notably, the fully tilted minimum found at Θ = 1 ML

s no longer stable at Θ = 0.25 ML. For intermediate coverages,
= 0.50 ML (Figure 5c) and Θ = 0.75 ML (Figure 5d), the

alculations converge to a single stable motif: on-top adsorption.
he corresponding adsorption energies and frequency shifts are
.28 eV with Δν=+26 cm−1 at Θ= 0.50 ML, and 0.19 eV with Δν=
24 cm−1 at Θ= 0.75 ML. Overall, when a unique stable minimum

s obtained, the computed CO stretching frequency for on-top CO
t Mg4c sites varies within a narrow window (Δν ≈ +24–28 cm−1),
onsistent with the experimental assignment of the MgO(110)
and (2165–2175 cm−1, Figure 2a) to on-top CO at Mg4c

2+ sites and
losely matching, within the expected theoretical accuracy, the
and attributed experimentally to step sites on MgO(100).

o further assess the intensity distribution of the Mg4c
2+- and

g5c
2+-related bands on MgO(110), we performed additional

SE06 calculations for CO adsorbed on an MgO(110)-based
icrofaceted model exposing both Mg4c

2+ and Mg5c
2+ adsorption

nvironments (Figure S10). These calculations show that the
nhanced intrinsic CO-stretching intensity is retained for Mg4c

2+
of 11
sites also in the MgO(110)-based model. The Mg4c
2+-associated

mode dominates the normalized simulated spectrum, whereas
the Mg5c

2+-related contribution appears as a weaker lower-
frequency band. Thus, the dominant p-polarized MgO(110) band
is consistent with CO adsorbed in a near-upright geometry at
Mg4c

2+ sites, whereas the Mg5c
2+ species becomes prominent in

s-polarization because its tilted adsorption geometry gives rise to
a larger in-plane component of the TDM.

3 Conclusions

In summary, we provide an unambiguous spectroscopic identifi-
cation of CO adsorbed on well-defined MgO(100) and MgO(110)
single-crystal surfaces. On MgO(110), the structural distribu-
tion of coordination sites is inverted relative to MgO(100).
Importantly, the spectroscopic trend is invariant: Mg4c

2+ sites
consistently bind CO more strongly and exhibit higher-frequency
bands than Mg5c

2+ sites, independent of whether they are located
at terraces or steps. Notably, while the frequency trend follows
local coordination, the adsorption geometry depends on surface
topology. On MgO(100), CO at Mg4c

2+ step-edge sites adopts a
tilted configuration, whereas on MgO(110) CO at terrace Mg4c

2+

sites is near-upright. Thus, local coordination governs adsorption
strength and vibrational response, whereas geometric constraints
imposed by the surface determine the preferred molecular
orientation.

By combining polarization-resolved IRRAS with hybrid HSE06
density functional theory calculations and controlled variation
of surface defect populations, we establish site-specific vibra-
tional fingerprints, adsorption geometries, and binding energies
for CO on both, non-polar and low-index MgO surfaces. Our
results demonstrate that reduced coordination at extended step
edges profoundly reshapes the local electrostatic environment
of an otherwise nonreducible ionic oxide. Calculations of the
infrared intensities further show that species bound to low-
coordination sites can dominate the IRRAS response even at
modest concentrations due to their enhanced TDM, providing a
framework for interpreting vibrational spectra of oxide surfaces
where minority structural motifs disproportionately influence
spectroscopic signals.

By reconciling adsorption energetics, polarization-resolved vibra-
tional fingerprints, coverage-dependent behavior, and defect ther-
modynamics within a unified experimental–theoretical frame-
work, these findings resolve a long-standing ambiguity in the
CO/MgO literature. More broadly, they highlight coordination-
specific engineering of oxide surfaces as a powerful strategy
to control adsorption, reactivity, and metal stabilization on
wide-band-gap oxide surfaces, with direct implications for defect-
engineered materials and oxide-supported single-atom catalysis.
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