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S1 Optimized geometries

The geometry optimization is performed at the DFT@PBE+D31,2 level of theory using Quantum

Espresso3,4 and the PAW pseudopotential5 (the [2s22p6] of Mg is treated as valence electrons).

The bulk MgO lattice is first optimized, from which the (001) surface is built and then optimized

both with and without the CO adsorbate. A vacuum of 16 Å is employed. MgO slab models with

two, three, and four atomic layers are considered in this work. During the optimization, atoms

in the first layer of the two-layer slab model and the first two layers of both the three-layer and

the four-layer models are allowed to relax, while atoms in the remaining layer(s) are kept fixed

to their bulk optimized positions. The optimized structures are provided in the Github repository

and summarized in Table S1. Our choice of DFT method (PBE+D3) is seen to well-reproduce the

bulk MgO structure from both ref 6 obtained computationally using DFT@revPBE+D47,8 and ref

9 obtained using XPD experiments. Due to the weak perturbation of CO to the surface, the surface

structure is also well-predicted by PBE+D3, resulting in a geometry relaxation energy ∆geom close

to that in ref 6 and several previous reports.10,11 However, PBE+D3 significantly underestimates

the Mg-C distance and overestimates the adsorption energy. For this reason, in the main text we

manually adjust the Mg-C distance to be 2.460 Å to match that from6 to facilitate the comparison.

Table S1: Comparison of computational and experimental geometric
and energetic parameters.

Lat. const. (Å) d(Mg-C) (Å) ∆geom (kJ/mol) Eads (kJ/mol) Reference
PBE+D3 4.222 2.377 1.1 −29.5 this work
revPBE+D4 4.220 2.460 0.8 −20.0 ref 6
Experiment 4.217 ref 9

S2 DFT single point calculations

All other DFT calculations, including the binding curves shown in FIG. M2 and the vibrational

frequencies shown in FIG. M3 (which are in turn derived from the PESs shown in ?? below), were

performed based on the optimized geometries obtained above. The non-dispersion part of the DFT
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energy was calculated using PySCF. The TS, XDM, and MBD dispersion corrections were cal-

culated using Quantum Espresso with the norm-conserving Hartwigesen-Goedecker-Hutter pseu-

dopotential.12,13 The D2 and D3 dispersion corrections were calculated using the simple-dftd3

code (https://github.com/dftd3/simple-dftd3). The D4 dispersion correction was calculated using

the dftd4 code (https://github.com/dftd4/dftd4).

S3 Wavefunction single point calculations

S3.1 Estimating errors from Gaussian basis sets and pseudopotentials

Table S2: Summary of the errors due to the employed Gaussian basis
sets and pseudopotentials.

Source Estimated error (kJ/mol)
Diffuse functions 0.1
Pseudopotentials < 0.1
Semi-core electron correlation of Mg 0.2
Total 0.3

In addition to the errors arising from TDL and CBS limit extrapolation as discussed in the

Sec. IIIA, there are three major sources of errors in the correlated calculations of Eint:

1. Basis sets augmentation with diffuse functions

2. Pseudopotentials

3. Mg semicore electron correlation

Our final estimates of these errors are summarized in Table S2 and detailed in what follows. All

three sources combined give an error bar of about 0.3 kJ/mol, which is added to the MP2 error bar

discussed in the main text.

Basis sets augmentation with diffuse functions. For weak interactions, the regular Gaussian

basis sets need to be augmented by diffuse functions for correlated calculations. We augment the

GTH-cc-pVXZ basis sets14 (referred to as XZ henceforth) with one diffuse function per angular
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Figure S1: The correlation part of frozen-core MP2 interaction energy
extrapolated to the CBS limit using TZ and QZ results for different
choices of the basis set augmentation and slab models of different sizes.
The shaded area indicates ±0.2 kJ/mol from the results obtained using
level 3 basis set augmentation.

momentum channel to obtain the corresponding aug-GTH-cc-pVXZ basis sets (referred to as aXZ

henceforth) for Mg, C, and O using the same protocol reported in ref 14. We generated fitting

basis sets for both the augmented and the non-augmented Gaussian basis sets used in this work.

All basis set data can be found in the Github repository.

Directly applying the aXZ basis sets to all atoms is unnecessary and also results in numerical

problems due to the basis set linear dependency caused by the diffuse functions. We thus use

aXZ basis sets only for the atoms near the adsorption center and monitor the convergence of the

calculated interaction energy. Specifically, we define four levels of augmentation:

1. Level 0: using XZ basis sets for all atoms.

2. Level 1: using aXZ basis sets for the CO molecule.

3. Level 2: in addition to level 1, using aXZ basis sets for the surface Mg atom that binds CO.

4. Level 3: in addition to level 2, using aXZ basis sets for the four surface O atoms next to the

Mg atom that binds CO.
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In Fig. S1, we examine the effect of different augmentation levels for the MP2 interaction energy

extrapolated to the CBS limit using TZ and QZ results for slabs of different size. We use level 3

in our final calculations and take the difference between the results from level 2 and level 3 as our

estimated error, which is about 0.2 kJ/mol.

Table S3: HF and MP2 interaction energy for 2×2 and 3×3 surfaces cal-
culated using both the GTH pseudopotential (optimized for HF) and the
all-electron potential. The 1s2 core electrons in all atoms (Mg, C, and
O) are frozen in the all-electron MP2 calculations to match the number
of electrons in the GTH pseudopotential. All calculations were per-
formed using the level 3 basis set augmentation scheme.

Surface Basis set EHF,All-e
int EHF,GTH

int EMP2,All-e
int EMP2,GTH

int

2 × 2

DZ 4.9 4.6 −3.6 −3.8
TZ 3.9 3.9 −7.5 −7.6
QZ 3.7 3.8 −8.9 −8.9
CBS(TZ,QZ) 3.7 3.8 −9.8 −9.8

3 × 3

DZ 3.1 2.8 −9.7 −10.0
TZ 2.2 2.2 −13.9 −14.0
QZ 2.1 2.2 −15.4 −15.4
CBS(TZ,QZ) 2.1 2.2 −16.3 −16.4

Pseudopotential errors. The error introduced by using the GTH pseudopotentials is examined by

comparison with calculations using the all-electron potential and Dunning’s (aug-)cc-pVXZ basis

sets.15,16 The results are presented in Table S3 for different basis set size and surface size. We

see that the at the CBS limit, the error caused by using the GTH pseudopotentials is less than

0.1 kJ/mol for both HF and MP2.

Table S4: HF and MP2 interaction energy for a 2 × 2 surfaces calcu-
lated using both the regular GTH-cc-pVXZ basis sets and the GTH-cc-
pCVXZ basis sets with the GTH-HF pseudopotential. No electrons are
frozen in the MP2 calculations. All calculations were performed using
the level 3 basis set augmentation scheme.

Surface Basis set EHF
int EHF,core

int EMP2
int EMP2,core

int

2 × 2

DZ 4.9 4.8 −3.6 −3.8
TZ 3.9 3.8 −7.5 −7.8
QZ 3.7 3.6 −8.9 −9.1
CBS(TZ,QZ) 3.7 3.6 −9.8 −9.9

Correlation from semicore electrons of Mg. The [2s22p6] semicore electrons of Mg may con-
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tribute significantly to the interaction energy. To quantify this, we augment our (aug-)GTH-cc-

pVXZ with core-correlating functions from the all-electron cc-pCVXZ basis sets.17 The interac-

tion energy evaluated with and without the core-correlating functions are listed in Table S4. We

see that at the CBS limit the error due to using the regular (aug-)GTH-cc-pVXZ basis sets is about

0.2 kJ/mol for the MP2 interaction energy.

S3.2 Convergence with the MgO slab thickness

Table S5: HF and MP2 interaction energy for a 2 × 2 surfaces with dif-
ferent slab thickness. No electrons are frozen in the MP2 calculations.
All calculations were performed using the level 3 basis set augmenta-
tion scheme.

Surface Basis set EHF,2L
int EHF,3L

int EMP2,2L
int EMP2,3L

int

2 × 2

DZ 4.9 4.9 −3.6 −4.1
TZ 3.9 3.7 −7.5 −7.9
QZ 3.7 3.7 −8.9 −9.2
CBS(TZ,QZ) 3.7 3.7 −9.8 −10.1

In Table S5, we compare the HF and MP2 interaction energy calculated for the 2-layer and

3-layer slab models. At the CBS limit, the difference between using the two slab models is neg-

ligible for HF and about 0.3 kJ/mol for MP2. Given the small energy differences and the higher

computational expenses of using the thicker slabs, we use the 2-layer slab model for all calculations

reported in the main text.

S3.3 Transferability of the ∆CC(FC)(η) term

To examine the transferability of the correction term, ∆CC(FC)(η), defined in eqn (M7) economically

evaluated using the DF basis set and 2 × 2 surface, in Fig. S2 we show the η-convergence of the

LNO-CCSD/CCSD(T) interaction energy for a larger surface of size 3 × 3. We see that ∆CC(FC)(η)

is as effective at accelerating the η-convergence for the larger surface as for the smaller one shown

in FIG. M1E for both LNO-CCSD and LNO-CCSD(T). We hence apply ∆CC(FC)(η) to all the LNO-

CCSD/CCSD(T) calculations reported in the main text.

7



10−5 10−6 10−7 10−8

LNO threshold

−130

−120

−110

−100

E
L

N
O
−

C
C

(F
C

),
co

rr
in

t
(m

eV
)

CCSD
CCSD(T)

Figure S2: Same plot as FIG. M1E but for a 3 × 3 surface with the
DZ basis set, with hollow and filled circles denoting uncorrected and
corrected results, respectively.

S4 Potential energy surface and vibrational frequency

S4.1 PES fitting

For each method discussed in Sec. IIIC, we perform 130 single point energy calculations for

d(C-O) from 0.982 to 1.432 Å with an increment of 0.05 Å and D(Mg-CO) from 2.630 to 3.830 Å

with an increment of 0.1 Å. We fit the energy data using an n-th order polynomial

E(d,D; n) =
n∑

m=0

m∑
p=0

a(n)
mpdpDm−p (S1)

From the fitted PES, the vibrational frequency can be calculated by diagonalizing the analytical

Hessian evaluated at equilibrium (d0,D0). In Fig. S3, we show the fitting error of polynomial order

n = 4 – 8 for the PBE+D3(0), MP2, CCSD, and CCSD(T) PES, calculated using the QZ basis

set and the 3 × 3 surface. The vibrational frequency shift calculated for these PESs are plotted in

Fig. S4. Based on these results, we identify n = 6 as the optimal choice that achieves both accurate

fitting (with a maximum fitting error less than 0.5 kJ/mol) and stable frequency shift. We separately

verified that fitting the one-dimensional PES for the free CO molecule with a 6-th order polynomial

leads to νCO(g) that agrees with that calculated using ORCA18 based on analytical Hessians. In the

following we fix n = 6 and study the convergence with respect to basis set size and surface size.
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Figure S3: Error of the polynomial fitted PES (S1) of different polyno-
mial order for PBE+D3(0), MP2, CCSD, and CCSD(T).
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Figure S4: Convergence of the vibrational frequency shift with the
polynomial order n used to fit the two-dimensional PES for evaluating
νCO(ads).
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S4.2 Basis set, surface size, and LNO subspace

Table S6 shows the convergence of PBE and MP2 ∆νCO with respect to the surface size and basis

set size. From the table, we determine that the QZ basis set and 3 × 3 surface is suitable for all

calculations.

Table S6: CO stretching frequency shift (in cm−1) upon adsorption cal-
culated using PBE and MP2 for different surface size and basis sets. QZ
basis set and 3 × 3 surface are sufficient for a converged frequency cal-
culation.

Surface Basis set PBE MP2
3 × 3 DZ −12.7 24.9
3 × 3 TZ −20.6 17.2
3 × 3 QZ −20.2 15.8
4 × 4 DZ −12.7 24.9

Table S7 shows the η-convergence of the LNO-CCSD and LNO-CCSD(T) predicted frequency

shift, from which we see that η = 3 × 10−6 converges ∆νCO to within one wavenumber. The final

CCSD/CCSD(T) frequency shift reported in the main text is calculated using 3 × 3/QZ energy

obtained by the 3 × 3/TZ energy composite corrected by the difference between 2 × 2/TZ and

2 × 2/QZ.

Table S7: η-convergence of CO stretching frequency shift (in cm−1)
upon adsorption calculated using LNO-CCSD and LNO-CCSD(T) for
two choices of surface size/basis set size: 2 × 2/TZ and 3 × 3/DZ. η =
3 × 10−6 is seen to reach convergence within one wavenumber for both
cases.

Surface/basis η CCSD CCSD(T)

2 × 2/TZ

1E-5 39.6 19.7
3E-6 29.1 23.5
1E-6 28.4 24.4
3E-7 28.5 22.9

3 × 3/DZ
1E-5 27.6 23.4
3E-6 26.0 23.2
1E-6 25.1 23.7
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S4.3 Final PES

The final PES obtained using the protocols discussed above are shown in Fig. S5 for different

methods.
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Figure S5: Same PES contour plot as in FIG. M3A for different meth-
ods.
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