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ABSTRACT: We apply periodic domain-based local pair natural orbital
second-order Moller—Plesset perturbation theory (DLPNO-MP2) to
probe the adsorption energy of CO on MgO(001), the consensus model
system for surface adsorption. A number of robust correlated
wavefunction methods now achieve excellent agreement with experiment
for the adsorption of a single CO molecule onto the MgO surface.
However, studies probing denser coverage ratios are scarce because of
the increased computational expense and the larger configuration space
needed for optimization. We leveraged the computational efficiency of
periodic DLPNO-MP?2 to perform simulations beyond a single unit cell.
By using large supercells, we highlight the importance of accurately
representing the thermodynamic limit of the surface and demonstrate in
turn that different coverage ratios can be consistently probed. In the
dilute regime, we show that the adsorption energies obtained from periodic DLPNO-MP2 agree with existing benchmarks. We then
obtain adsorption energies at increasing densities, approaching full monolayer coverage. Our results show a reduction in binding
strength at full coverage, agreeing with experimental observations, which is explained by the increasing lateral repulsions between the
COs. This study demonstrates the efficacy of periodic DLPNO-MP?2 for probing increasingly sophisticated adsorption systems at the
thermodynamic limit.

1. INTRODUCTION The adsorption of a single carbon monoxide (CO) molecule
onto a pristine magnesium oxide (MgO(001)) surface has
become the consensus toy model system to probe surface
adsorption interactions. Computational schemes can be
roughly divided into finite-cluster methods or approaches
employing periodic boundary conditions. Recently, a number
of studies, employing high accuracy correlated wavefunction

The interaction of a molecule as it adsorbs onto a surface is a
key chemical phenomenon, where accurate modeling provides
benefits for a number of important applications. In particular,
computational evaluation of the adsorption energy gives
mechanistic insight into reactions for heterogeneous catalysis,

gas storage, and surface lubrication, among others.' ™ methods, including second-order Moller—Plesset perturbation
Electronic structure studies of adsorption systems have theory (MP2) and coupled cluster theory with singles, doubles
predominantly employed density functional theory (DFT), and perturbative triples excitations (CCSD(T)), have obtained
due to its computational efficiency. However, accurate excellent agreement for the adsorption energy of CO on MgO
modeling of the dispersion interactions involved is difficult at the dilute coverage limit."®”"" Alessio et al.'” and Boese and
unless semiempirical corrections are incorporated into the Sauer'® both employ hybrid MP2: DFT-D embedded cluster
density functional treatment. This has prompted the develop- calculations, incorporating single point CCSD(T) calculations,
ment of a range of dispersion-corrected functionals,9_15 to obtain the final adsorption energy estimate, with values of
incorporating varying degrees of many body dispersion —212 + 0.5 kJ mol™" and —21.0 + 1.0 kJ mol ™", respectively.
(MBD), which have shown to be successful in describing Alessio et al. also employ periodic local MP2 to demonstrate
adsorption interactions. In spite of this, to gain further insight

into the uncertainties between different functionals, bench- Received: December 31, 2025 JCIC
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agreement with their embedded cluster MP2 estimates. Shi et
al.'® used CCSD(T) calculations within their embedded
cluster SKZCAM approach, obtaining an adsorption energy
of =19.2 + 1.0 kJ mol™’, which they show agreement with
canonical periodic CCSD(T) and diffusion Monte Carlo.
Finally, Ye and Berkelbach'” calculate adsorption energies
using periodic local natural orbital (LNO) schemes at MP2
and CCSD(T) levels, calculating a value of —20.0 + 0.5 kJ
mol™". Considering the touted standard of “chemical accuracy”
is 4.2 kJ] mol™!, the overall consensus of these methods is
remarkable, considering the differences in the approaches
taken and the need to converge out errors in all the method-
specific wavefunction and basis-related parameters, as well as
finite-size effects. In contrast to these correlated wavefunction
methods, Ye and Berkelbach'® and Shi et al.'® show that, for
this prototypical system, lower-cost approaches such as DFT-
D3, DFT-MBD, and random-phase approximation””*" fail to
achieve results which agree within this threshold. This
exemplifies the importance of employing high accuracy
wavefunction schemes to form robust benchmark energies.
Experimental enthalpies for CO on MgO(001) adsorption
have been determined using temperature-programmed desorp-
tion (TPD) techniques, of which we highlight the work from
Dohnalek et al** and Wichtendahl et al.”®> Both studies
produce TPD spectra at varying CO coverage ratios (@),

. . . s 1
reporting desorption values at minimal densities of around 4

monolayer coverage, which provide the closest estimate to the
adsorption energy at the dilute limit. Using these experimental
references, previous computational works have conducted
analyses to compute comparable adsorption energy values, by
accounting for thermal and zero-point energy contributions,
the PV term, and the pre-exponential factor used in the
Redhead equation.”* Boese and Sauer obtained a TPD-derived
energy of (—20.6 = 2.4) kJ mol™', while Shi et al. obtained an
experimental estimate of (—19.2 + 1.0) kJ mol™". With both
experiment-derived and theoretical studies from a number of
different works agreeing well within chemical accuracy, the
adsorption energy of CO on MgO at the dilute regime appears
to have reached a robust consensus, providing a rigorous
benchmark.

There are, however, still unanswered questions about
simulating adsorption processes. In real chemical conditions,
adsorption reactions rarely feature a single adsorbate molecule,
and consideration for the optimal ratio of surface site
availability is a key concern for heterogeneous catalysis. For
example, experimental literature for CO adsorption onto an
MgO surface reports varyin§ reactivities associated with dilute
to dense coverage regimes.”””>**~>” While an agreed bench-
mark for the adsorption energy of a single CO molecule on a
pristine MgO surface has now been established, simulations
incorporating multiple CO adsorption sites at denser
monolayer coverages are still scarce. These systems are
inherently more difficult to simulate, given the expanded
configuration space to now optimize over and the need to
incorporate lateral interactions between the adsorbate
monomers. For these larger adsorption unit cells or fragments,
simulating the in-principle infinite extent of the surface or the
thermodynamic bulk limit becomes increasingly important in
order to remove finite size errors or edge effects. Looking at
other adsorption systems, we highlight the work from
Usvyat,”® who investigated dense Argon monolayers on
MgO(100), as one of the few schemes using correlated
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wavefunction methods. All in all, the increased computational
demand required to simulate larger surface systems poses a
steep challenge for current correlated wavefunction methods.

Recently, we have outlined the theory and implementation
of two complementary methods for periodic domain-based
local pair natural orbital (DLPNO) second-order Moller—
Plesset perturbation theory (MP2).””’° These implementa-
tions form the foundation in the development of higher
accuracy correlated methods such as periodic DLPNO—
CCSD(T). DLPNO schemes enable vast compression of the
virtual space, enabling calculations of large supercells to
accurately extrapolate to the thermodynamic limit. In this
contribution, we use periodic DLPNO-MP2 to probe CO on
MgO(001) adsorption with large supercells beyond a single
unit cell. We focus upon ensuring our calculations are
converged with respect to the complete PNO space (CPS)
limit, the complete basis set (CBS) limit, and the
thermodynamic limit of the surface. This study provides the
first demonstration that linear-scaling DLPNO-MP2 can yield
surface interaction energies that are converged with respect to
all three limits. This capability enables us to robustly probe the
adsorption energies at different CO coverage densities,
including denser coverage regimes, where the lateral
interactions in the presence of the thermodynamic bulk of
the surface have never previously been explored.

First, we outline our computational methodology employing
periodic DLPNO-MP2 to model surface adsorption systems.
Then, in Section III, we verify the validity of DLPNO-MP2 for
surface interactions by evaluating the adsorption energy toward
the infinitely dilute regime, which can be benchmarked
rigorously against the aforementioned schemes. Having
established agreement, we then use periodic DLPNO-MP2
to probe CO coverage ratios approaching the fully filled
monolayer (® = 1) limit in Section IV. This is achieved
through leveraging the computational efficiency of periodic
DLPNO-MP2, enabling simulation of multiple adsorption sites
within a supercell, while ensuring the thermodynamic limit of
the surface is probed. In doing so, we have conducted some of
the largest supercell calculations to probe surface adsorption
using correlated wavefunction schemes.

2. METHODS

2.1. Periodic DLPNO-MP2

DLPNO theory’™** is an established method within molecular
quantum chemistry to reduce the computational cost of correlated
wavefunction schemes, achieving near-linear scaling of computational
effort with system size with only modest loss in accuracy by replacing
integrals and excitation amplitudes with low-rank approximations that
exploit the inherent locality of electron correlation in insulators. Our
two works, BVK-DLPNO-MP2 and Megacel- DLPNO-MP2, repre-
sent the first full adaptations of DLPNO theory to periodic systems.

Our “BvK” scheme employs Born—von Karman (BvK) boundary
conditions,”® while the “Megacell” method retains rigorous transla-
tional symmetry but exchanges the lattice summation in the BvK
integrals with explicit sums over direct—space interactions.”> Both
implementations converge to the same values at the thermodynamic
limit and also show excellent agreement with canonical benchmarks.
The degree of compression through the PNOs is controlled through a
single variable, the occupation number threshold, 7y, where the
error incurred due to discarding virtuals is proportional to /7 pno-
We demonstrate numerically that the pilot scheme of Megacell-
DLPNO-MP2 is particularly computationally eflicient with near-linear
scaling with respect to supercell size. Our aim in this contribution is to
use Megacel DLPNO-MP?2 to reveal further insight into interactions

https://doi.org/10.1021/acs.jctc.5c02179
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of the MgO + CO adsorption system. Previous computational studies
of the surface adsorption energy of CO on MgO have incorporated
higher accuracy correlated wavefunction methods, notably CCSD(T).
While our study employs only MP2, we note that previous work
demonstrates that MP2 is almost as accurate as CCSD(T) for these
interactions,'*'**® suggesting significant value in a periodic MP2
method that can efficiently simulate the thermodynamic bulk of the
surface layer in an adsorption reaction.

The efficacy of periodic DLPNO-MP2 enables multiple unit cells,
each featuring a CO adsorption site, to be simulated. Figure 1

. . . 1 1
presents unit cells corresponding to coverage ratios of ® = " and >

respectively, as well as 3 X 3 supercells of each system, where the CO
molecule in the reference (central) unit cells is highlighted in white.
By simulating more than a single unit cell (Gamma point), our
calculations using Megacell DLPNO-MP2 ensure that the adsorbed
molecule in the reference cell has an interaction length scale with the
surface that can extend beyond the boundaries of the unit cell. This
ensures that the correct thermodynamic limit of the bulk surface is
always being probed. In turn, the accurate evaluation of the different
coverage ratios can then be controlled by the size of the surface slab
and the number of adsorbates within the unit cell. In this
contribution, we predominantly employ 3 X 3 supercells, using 5 X
S supercells occasionally to verify the thermodynamic limit
convergence of our calculations. We believe this work is the first
instance where a periodic post-HF scheme simulates multiple
adsorption sites in a periodic supercell calculation, in contrast to
previous studies, which employ only single unit cells or Gamma point
calculations.

2.2. Evaluation of Adsorption Energy

The adsorption energy is defined as the energy difference, per unit
cell, between the adsorbed CO molecule on the MgO surface and the
energies of the individual noninteracting components

EEseq _ Emol,eq

E [MgO] [co]

— ECYseq
ads — E

[MgOCO] —

(1)

where [MgO] is the pristine MgO surface and [CO] is the isolated
gas-phase CO molecule, and each energy is evaluated at the fully
relaxed equilibrium structure. In line with previous work,'”’ ™" we

decompose E, 4 into

o+ A

int

Eads =E (2)
where E;, is the interaction energy of CO and MgO, computed using
MgO and CO geometries frozen at those of the CO + MgO system,
and A,y is the energy change upon relaxing to the geometries of
pristine MgO and gas-phase CO. E,, is computed with counterpoise
correction to reduce basis set superposition error (BSSE)

‘geom

E. = Ei/nt + AE[CC?S]
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Figure 1. Unit cell structures for CO adsorption on an MgO surface
1

9
(bottom). The unit cells are depicted on the left, the 3 X 3 supercells

on the right where the central cell CO molecule is highlighted.

corresponding to coverage ratios of © =§ (top) and O =
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1
— Eico,co)

AEico) = +E(co) ©)

Here, a system [X, Y] denotes the X subsystem with ghost
functions representing Y. The second term AEfZ%; accounts for the
lateral interactions between CO molecules and is the difference
between a periodic calculation of the CO lattice and a molecular
calculation using ghost functions at the lattice sites. Many previous
works approximate E; ~ Ej, neglecting the second term, which is
indeed insignificant at dilute CO coverage. We are interested in
examining the dense coverage regime where this term becomes
significant. Figure 2 shows a schematic visualizing the contributions
within E; . The final adsorption energy in this paper is thus given by

(6)

Ye and Berkelbach'® and Shi et al."® both compute Ageom using
informed choices of DFT functionals, incorporating dispersion
corrections, reaching a similar agreement of approximately 1.0 kJ
mol ™ for dilute coverages.

2.3. Computational Details
Within our study, Megacell- DLPNO-MP2 is employed to evaluate all

quantities contributing to E;, apart from E[‘é‘g‘@]. This calculation is

Eg = Epe + AECS, + A

'geom

aperiodic, featuring only a single CO molecule surrounded by ghost
functions, which we compute using the existing molecular DLPNO-
MP2 implementations®*** in the pnoccsd module, within the
TURBOMOLE program. The HF orbitals for this system are
obtained from the ridft module.

Megacell-DLPNO-MP2* has been implemented in a developmen-
tal version of the TURBOMOLE>® program, within the pnoccsd
module.***>*7%® Periodic LCAO-based HF calculations using k-point
sampling have recently become available on developmental branches
of TURBOMOLE, in the riper module,**™** the output of which
provides the HF Bloch functions and band energies required for MP2.
The RI-J approximation is employed, and we adopt the Monkhorst—
Pack grid for our k-point grid.”> We use our recently developed
Wannier function (WF) localization procedure to prepare localized
occupied orbitals.*® As described in ref 30, Megacell DLPNO-MP2
embeds a supercell correlation treatment within a larger megacell in
order to ensure all correlated WFs are sufficiently decayed. Periodic
HF calculations are performed on a k-grid spanning the size of the
megacell, which is related to the supercell size by Ky, = 2Kkgper — 1 in
each Cartesian dimension.

super

mol
-k [CO,CO]

A ECI‘yS

[CO] — +Ecr}’s

[CO]

Ein = Ely, + AESS

[CO]

o6 ..

! __ gacrys
Eint - E[MgOCO]

crys

__ gpcrys
E [CO,MgO]

[MgO,CO]

Figure 2. Contributions to the adsorption energy of CO on the MgO
surface, for any given coverage ratio. The lateral interactions of the
gas-phase CO molecules must be added to E; to properly distinguish
adsorption energies at different coverage ratios.
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Previous work from Shi et al.'® highlights the underestimation of

E, if correlation from the 2s 2p orbitals on magnesium is neglected.
We therefore only freeze the 1s core—shells for C, O, and Mg in our
DLPNO-MP?2 treatment. In our investigation for the dilute regime,
we directly use the optimized unit cell geometries reported by Ye and
Berkelbach,'® which we describe in greater detail in Section III. A
pristine surface of MgO is employed for the dense coverage
calculations. All unit cell geometries are reported in the Supporting
Information.

All calculations were run on a single node (Intel(R) Xeon(R) Gold
6248R CPU) with a maximum RAM limit of 386 GB and 1.8 TB disk,
with an OMP parallelization of up to 48 threads. No single calculation
in this contribution exceeded a wall time of 24 h, highlighting the
efficiency of the Megacell DLPNO-MP2 approach. Our largest
calculations featured supercells containing just under 30,000 orbital
basis functions, representing the largest calculations undertaken by
Megacell- DLPNO-MP2 thus far.

2.4. Basis Set

The importance of using sufficiently expansive basis sets to capture
adsorption interactions has been highlighted extensively in previous
works. In the initial phase of testing, we encountered issues
converging the periodic HF calculations using all-electron cc-pVTZ
orbital basis sets,*”** which we attributed to linear dependency issues
arising from the diffuse basis functions centered on Mg, leading to
divergent exchange contributions. HF convergence using the all-
electron pob-TZVP* and pob-TZVP-rev2°>*" basis sets presented no
issues. However, diffuse and additional polarization functions are vital
for accurately capturing the dispersion interactions in adsorption
systems but are absent from these reduced basis sets. Our solution
was to employ the cc-pVXZ orbital basis sets for C and O and to use
modified pob-XZVP-rev2 basis sets for Mg (X = D,T). These
modified basis sets contained additional valence polarization and
diffuse functions from the cc-pVXZ basis sets as well as core
polarization functions from the cc-pwCVXZ basis sets. We thus
performed two sets of adsorption calculations, using approximate
“DZ” and “TZ” quality basis sets, enabling an estimate of the
complete basis set limit values. The basis sets employed are listed in
the Supporting Information.

For the RI-J approximation within the periodic HF calculations, the
cc-pVTZ auxiliary basis sets®* were employed for carbon and oxygen
atoms, while the def2-TZVP auxiliary basis sets> were used for
magnesium, for all calculations. The same auxiliary basis sets were also
employed for the density-fitting treatment within the MP2
calculations, apart from those for the ghost atoms, which did not
feature any auxiliary basis functions.

2.5. Canonical and Basis Set Extrapolations

In order to provide a meaningful comparison with other theoretical
and experimental adsorption energies, our results are extrapolated to
the respective canonical and basis set limits. For each individual
quantity contributing to E;,, DLPNO-MP2 calculations are
performed at two occupation number thresholds
(Tono = 1077, 10°%), with both the “DZ” and “TZ” basis sets. For
each basis set, a square root extrapolation to estimate the complete
PNO space (CPS) limit>*** is first performed

T3 E(T) - TV E(TY)
7 =T )

Ecorr,CPS =

Here, E(7;) and E(7,) are DLPNO-MP2 correlation energies

obtained at two occupation number thresholds, where 7; > 7.

With these CPS estimates, the correlation energy estimate at the

complete basis set (CBS) limit is then obtained through Helgaker’s
. . 55,56

two-point extrapolation

XE(X) - YE(Y)
X -7 (8)

where X and Y = X — 1 refer to the cardinality of the basis sets used.
We then computed E;, from eq 3. The dominant source of

‘corr,CBS =

uncertainty arises from the basis set extrapolation. We also compute
a E;, value using the E., 17 correlation energies and define the
uncertainty as half the difference between this value and the basis set
extrapolated E;, energy. Finally, the total DLPNO-MP2 interaction
energy is evaluated by summing the extrapolated correlation
contribution to the HF energies, which are computed in the “TZ”
basis.

3. TOWARD THE DILUTE COVERAGE LIMIT

In this section, we study the adsorption of a single CO
molecule on the pristine MgO surface, modeling the surface at
the thermodynamic limit and probing the adsorption energy
toward the infinitely dilute limit. We follow similar protocols to
Ye and Berkelbach'® and Shi et al,'® who model the
MgO(001) surface using a two-layer slab, which both studies
conclude is sufficient to converge the adsorption energy with
respect to the layer depth. The CO molecule is adsorbed in a
perpendicular fashion to the surface, with the C end pointing
toward the S5-fold coordinated Mg site, with a Mg—C
interaction distance set to 2.460 A, to enable direct comparison
with the aforementioned two works.

We employ three types of unit cell to probe the dilute
regime: a 2 - 2, 3 - 3, and 4 - 4 surface slab of 2-layer MgO,

. 1 1
corresponding to surface coverages of ® = vy and o 22

and 3 - 3 unit cells are presented in Figure 1. Our chosen
geometries are taken directly from the optimized equilibrium
structures reported by Ye and Berkelbach,'” which they obtain
through geometry optimization with the Perdew—Burke—
Ernzerhot§ 7 (PBE) functional with D3 dispersion treatment,"’
fixing the bottom layer surface slab. They report a single
geometry relaxation energy from all surface slab optimizations,
Ageomy of 1.1 KJ mol ™!, and we thus adopt the same value. The
crucial difference with our study is that our supercell periodic
approach can independently examine different coverage ratios
while also converging the thermodynamic limit of the surface
through increasing the supercell size.

3.1. Dilute Regime Results

We first verified the thermodynamic limit convergence of the
adsorption calculations. Table 1 presents the HF and
correlation energy contributions to the interaction energy for
the 2 - 2 surface slab unit cell at “TZ” quality, for supercell sizes
of 3 X 3 and § X 5. The correlation energies are computed at
two T pyo thresholds, which are then used to estimate the CPS
limit using a square root extrapolation.‘g’54 MP2 energies,
summing the HF and CPS values, are also given. The full

Table 1. Hartree—Fock and Correlation Energy
Contributions to E{, and E,,,, Comparing Supercell Sizes of
3X3and s x §°

Ksuper Ejoe Epn
3x3 5X%5 3x3 SX5
HF 213 2.13 2.47 247
Eeoe(Tono = 107) ~17.71 ~17.79 -1842 —18.51
Eoon(Tono = 107%) —18.26 -18.38 —18.97 —-19.11
E.. (CPS) —18.52 —18.66 -19.23 -19.39
MP2 (CPS) -16.38 ~16.53 ~16.76 —1691

“Energies are given in kJ mol™'. Calculations employed the 2 X 2
surface slab unit cell, using the modified “TZ” basis set. Total MP2
interaction energies are given, as the sum of the HF and CPS
correlation energy components.

https://doi.org/10.1021/acs.jctc.5c02179
J. Chem. Theory Comput. 2026, 22, 3927-3936
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interaction energies, E;, and the contribution ignoring CO
lateral interactions, E; , are both presented.

Examining the HF energies, we first note that the 3 X 3 and
S X 5 supercells correspond to HF calculations spanning the
megacell, which uses k-grids of sizes S X S and 9 X 9,
respectively. Agreement, to a precision of 0.01 kJ mol™, is
achieved, indicating thermodynamic limit convergence. For
correlation energies, including the extrapolated CPS limits, we
note small deviations between the two supercell sizes, of
magnitudes around 0.1 k] mol™". The close agreement of these
energies, especially when compared to the magnitude of
uncertainty when converging to the basis set limit, which we
subsequently discuss, allows us to conclude that both the
thermodynamic limit of the surface slab and the canonical limit
have been sufficiently converged. Comparing E;, and E[, we
see that lateral interactions between CO molecules have a very
small contribution to the overall correlation energy in this
dilute regime, of less than 1 kJ mol™'. Computing energies for
the 3 - 3 and 4 - 4 surface slab unit cells at 5 X S supercell sizes
is currently difficult due to the severe memory demands of
these very large supercells, but given that the 2 - 2 unit cell
represents the densest coverage ratio, we expect 3 X 3
supercells to also be sufficient for representing the thermody-
namic limit for these unit cells.

Figure 3 presents the E; energies at increasing coverage
ratios, obtained from the 4 - 4, 3 - 3, and 2 - 2 surface slab unit
cells, respectively. The top panel presents the HF energies,
while the bottom plots the MP2 correlation energy
contributions. For both cases, the cohesive energies for
different coverage ratios are evaluated using the “DZ” and
“TZ” basis sets. A 3 X 3 supercell was employed in all cases.
For the MP2 correlation energies, an inverse cube extrap-

® ® - - @
1
ol
" - H -
—10 - m
T
g 12
g
-
o4 —14
’§A 6 .m DZ
= " TZ
3] ) CBS
—18
—20
~22
. B - m
—24 T

1
0
Coverage ratio (ML)

h_lh__ -
e —A

Figure 3. Hartree—Fock (top) and MP2 correlation energies
(bottom) for Ej, .., at three dilute coverage ratios. Results using
the modified “DZ” and “TZ” basis sets are shown, and complete basis
set estimate is provided for the MP2 correlation energies.
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olation is performed to estimate the basis set limit value, using
eq 8.

We first highlight that the cohesive energies are largely
similar in magnitude across the different coverage ratios,
indicating that all three coverage ratios capture the dilute
coverage regime. While a slight increase in MP2 correlation

. 1, 1 . . .
energy is observed from 4 to 5 coverage ratios, this deviation is

on a similar order of magnitude to the uncertainties incurred
from the CPS and thermodynamic limit extrapolations and
thus not significant. The HF cohesive energies show a very
slight decrease toward further dilute coverages. The observa-
tion that all three ratios are within the same dilute regime
agrees with the experlrnentally derived adsorption energies
reported by Dohnalek et al They report, in Figure 4 of ref

22, an adsorption energy at Z coverage that is within 1 kJ mol™

of their extrapolated adsorption energy at zero coverage.

For our method, we stress that the use of the 3 X 3 supercell
size is crucial in obtaining the correct dependence with
coverage ratio. This is because surface—adsorbate interactions
extending beyond the length scale of the unit cell are explicitly
considered in the supercell calculation, meaning that the
thermodynamic limit of the surface is more accurately
represented. In contrast, Ye and Berkelbach'’ perform single
point (unit cell) calculations and report a significant decrease
in correlation energy from the 2 - 2 to 4 - 4 unit cells with
periodic MP2. We attribute this behavior to the growing
surface slab size, which substantially increases the magnitude of
the surface interaction if only one unit cell is considered. In the
case of ref 19, where the motivation is to extrapolate to the
infinitely dilute regime, this approach is completely valid.
However, since we intend to discern differences between
coverage ratios with Megacel DLPNO-MP2, any interaction
energy dependence on the surface slab size of the unit cell
must be factored out. Calculations beyond a single unit cell are
thus necessary in order to remove the finite size error
associated with the surface.

Figure 3 shows that extrapolation of the “DZ” and “TZ”
quality basis sets to a basis set limit estimate gives a significant
decrease in MP2 correlation cohesive energies compared to the
“TZ” values, on the order of 4 k] mol™', across all coverage
ratios. This source of error is the largest component of
uncertainty within our scheme and is admittedly significantly
larger than previous computational schemes, which we record
in Table 2. As mentioned, we are currently prevented from

s

&%‘ﬁﬁ%

P-4

Figure 4. 2 X 2 and 4 X 4 surface slab unit cells used to probe
adsorption coverage ratios toward the dense regime.
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Table 2. Comparison of Adsorption Energies of CO on the
MgO(001) Surface Using Megacell- DLPNO-MP2 and
Recent Results from the Literature at Various Surface
Coverage Ratios (0)“

(©] E,q (I mol™) methodology
1/4 —-194 + 19 megacell- DLPNO-MP2
1/9 —-19.5 + 1.9 megacell DLPNO-MP2
1/16 —20.0 + 2.0 megacell- DLPNO-MP2
dilute limit —212 + 05 ¢l MP2/DFT-D+ACC"”
dilute limit —21.6 £ 0.3 pbe MP2"7
1/8 -21.0 + 1.0 cl MP2/DFT-D+ACC'*®
dilute limit —18.8 + 0.3 pbe MP2"
dilute limit —20.0 + 0.5 pbc CCSD(T)"
dilute limit —18.5 + 0.5 o Mp2'®
dilute limit -192 + 0.6 d ccsp(T)'®
dilute limit —20.6 + 2.4 TPD'®
dilute limit -192 + 1.0 TPD'®

““cl” and “pbc” refer to cluster and periodic wavefunction schemes,
respectively. Experimental data from TPD spectroscopy’>>® have
been converted to adsorption energies in two different analyses.'®'®

performing calculations using cc-pVTZ or higher quality basis
sets due to our periodic HF. Work is currently underway to
address these issues, which will enable calculations with QZ
quality basis sets, to obtain narrower error bars, as
demonstrated by Ye and Berkelbach."”

The final adsorption energies obtained via Megacell-
DLPNO-MP2 are presented in Table 2, compared to previous
periodic or cluster-based schemes as well as experimental TPD
results. Our values are obtained by summing the HF energy for
the “TZ” basis with the CBS extrapolated correlation energy.
The three coverage ratios probed all fall within the dilute
coverage regime, and we note the general excellent agreement
of our values, within 2 k] mol™" of all other values presented in
the Table. This is not surprising, given previous evidence of the
good agreement of periodic and cluster MP2 calculations with
higher-level coupled cluster results. Clearly, our larger error
bars, obtained from halving the difference between the “TZ”
and CBS extrapolated correlation energies, are a point of
concern, stemming from our limitations in basis set. Despite
this, the overall agreement of the scheme gives promise for
Megacel DLPNO-MP?2 as a robust scheme to probe different
adsorption coverages.

4. PROBING DENSE COVERAGES

While numerous wavefunction studies probing the adsorption
energy of CO on MgO at the dilute coverage limit achieve
excellent agreement with experimental values, considerably less
work has been done to simulate the adsorption energy
dependence at higher coverage ratios. From the perspective of
simulations, the difficulty is now the vastly increased degrees of
freedom that now need to be analyzed. Due to the lateral
interactions between CO molecules, which are significant at
higher coverage densities, differing (i.e., nonperpendicular)
CO orientations and configurations need to be considered, in
order to obtain the lowest energy state for a given coverage
ratio. While some experiments give details of highly ordered
(4 X 2) phases®™” at ratios close to full monolayer coverage,
relatively little consensus has been established for favored

1 gy
phases between 2 and 2 coverages, providing no benchmark
4 4 ’

systems for computational approaches. Dohnalek et al.*”
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provide an experimentally derived adsorption energy plot as
a function of CO coverage, which confirms a decrease in the
magnitude of the adsorption energy toward full monolayer
coverage, due to increasing CO lateral repulsions.

Cluster calculations are inherently disadvantaged, since
modeling multiple CO adsorption sites to capture the CO
lateral interactions involves building a much larger fragment.
Recent work by Shi et al.’ provides a solution by evaluating
the cohesive energy of the lattice of COs in the absence of the
surface at CCSD(T) accuracy and incorporating a correction
for the effect of the MgO surface using DFT. However, lateral
interactions under the effect of the surface are never directly
explored to correlated wavefunction accuracy. Periodic
approaches are more naturally suited to modeling denser
coverage ratios, since the adsorbed layer increasingly resembles
periodic models. However, large supercells beyond single unit
cell calculations are required to correctly capture the full extent
of the periodic lateral interactions. Furthermore, larger unit
cells are needed if differing CO orientations or configurations
are to be probed. Computational studies are scarce, but we
highlight the work by Minot et al.,°" using periodic Hartree—
Fock, which report a combination of perpendicular and bent

CO geometries at © = %, presenting two different arrange-

ments which are energetically comparable. To our knowledge,
no correlated wavefunction studies, targeting denser coverage
ratios, exist, and even studies with DFT are scarce.

In this section, we exploit the efficiency of Megacell-
DLPNO-MP2 to simulate supercells with dense CO coverage.
We choose not to explore the full parameter space involving
nonperpendicular CO geometries or differing configurations,
which would require a substantially more involved systematic
study. Instead, we use Megacell- DLPNO-MP2 to simulate unit
cells featuring perpendicular COs at increasingly dense
coverage ratios approaching ® = 1. Although not directly
comparable to experimental TPD studies, we still expect to
capture the effect of the lateral repulsions between COs with
our simplified scheme and observe the decreasing magnitude
of E,4, toward © = 1.

We use a pristine version of the earlier 2 - 2 surface slab unit
cell, employing the same Mg—C interaction distance as before.
Since no geometry optimization has been performed, A, is
zero. We populate the unit cells with one, two (separated
diagonally), three, and four CO adsorption sites, in order to

. 11 .
capture coverage ratios of by %, and 1, respectively. We also

utilize a pristine 4 - 4 surface slab unit cell, with 4 and 8 COs

S . 1 1
adsorption sites, to again probe < and 2 surface coverages, to

verify the consistency of the E, 4 calculations using Megacell-
DLPNO-MP2. All unit cells employed are listed in Figure 4. A
supercell size of 3 X 3 is used throughout, having confirmed
the thermodynamic limit is correctly probed from Section III
A. We use the same modified “DZ” and “TZ” basis sets as
before. The calculations featuring 8 COs on a 4 - 4 surface
represent the costliest calculations in this contribution,
featuring just shy of 30,000 basis functions in the 3 X 3
supercell, with calculation wall times of 24 h.

With multiple CO adsorbates now in a given unit cell, the
expression to evaluate the adsorption energy now needs to be
modified

https://doi.org/10.1021/acs.jctc.5c02179
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Eads = Eint = _E[rg‘()),m]-i_

crys

crys _ crys _ crys
E[MgOCO] E[Mgo,m] E[CO,M_gO]+E[CO]

€)

fco

where the first equality is due to the lack of geometry
relaxation energy in this specific scheme. n¢q is the number of

COs per unit cell, and E['égrc—o] is the energy of a single CO

molecule, with ghost functions representing all remaining COs
spanning the reference unit cell and the neighboring cells.

4.1. Dense Coverage Results

First, to confirm the validity of Megacell DLPNO-MP2, we
verify whether different unit cell choices, at a given coverage
ratio, reproduce the same adsorption energy value. Again, we
emphasize that the 3 X 3 supercell sizes used are crucial in
accurately representing the thermodynamic bulk of the surface.
This ensures that different unit cell surface slabs can give the
same interaction energy. In Table 3, MP2 correlation energy
values for E 4 at the same coverage ratios are given, for the 2 -
2 and 4 - 4 surface unit cells. Significant deviations, on the
order of 2 kJ mol™!, exist for PNO truncation thresholds of
1075, but they rapidly reduce to within 0.1 kJ mol™" for 107%.
From this, we can conclude that employing PNO truncation
thresholds of up to 107 is necessary to obtain robust
agreement with larger unit cells. HF energies are also
presented, with no significant differences in energies between
unit cells.

Figure S presents the adsorption energies of CO on the
MgO surface, as a function of coverage ratio, up to the full
monolayer (® = 1), as blue squares. The contributions from
HF, using the “TZ” basis, and MP2 correlation, at the CPS and
basis set limit, are plotted as blue diamonds and circles,
respectively. Pleasingly, the simulated adsorption energy values

show an overall decrease in magnitude from ® = i to® =1,

with the least exothermic value of —10.3 kJ mol™" at full
monolayer coverage. This reflects the increased lateral
repulsion between the CO molecules at higher ratios. One
notes the larger increase in the HF repulsion, compared to the
attractive dispersive correlation contribution, as the source of
this overall behavior. In particular, we can attribute the marked
. . . 1 .

increase in adsorption energy from ® = S to 0= % directly to
the inclusion of nearest neighbor CO repulsions, which are

present in the © = %,1 unit cells (see Figure 4). In

Table 3. Hartree—Fock and MP2 Correlation Energies for
the Adsorption Energy (E,4, in kJ mol™"), Comparing the 2

2 and 4 * 4 Surface Slab Unit Cells, at i and % Coverage

Ratios”

DLPNO-MP2
0 unit cell HF 6 7 8 CPS
1/4 22 5.4 —-20.0 —19.1 —-19.9 -20.3
4 -4 5.4 —=22.0 —-19.5 —-19.9 —20.1
1/2 2.2 7.3 224 -21.9 —-22.5 —22.7
4 -4 7.3 =233 —=22.0 —22.4 —22.6

“All calculations used the “TZ” basis set. Different PNO truncation
thresholds (Tpn0 = 10%,X=6,7,8), including the complete PNO
space extrapolation, are given.
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Figure 5. Total CO adsorption energies on the MgO surface at
varying coverage ratios up to full monolayer coverage, plotted as blue
squares, including error bars. The 2 - 2 surface slab unit cell is
employed throughout. Hartree—Fock contributions, in the “T'Z” basis,
are plotted as blue diamonds. MP2 correlation energies contributions,
extrapolated to the complete PNO space and basis set limits, are
plotted as blue circles. The interaction energies without lateral
contributions, Ej,, are plotted as green triangles. The gas-phase CO
lateral interactions, AEq, are plotted as green crosses.

comparison, we can reason that the diagonal neighbor CO
lateral repulsions are much less significant, given the similar

. . 1
adsorption energies between © =i and © = . Unfortu-

nately, the significant error bars, on the magnitude of around 2
k] mol™!, reiterate our current basis set limitations and
highlight that further work is needed for all-electron basis sets
for periodic systems.

Again, we reiterate caution in directly comparing to the
TPD-derived adsorption energy curves presented by Dohnalek
et al.>* As mentioned before, our calculations do not consider
nonperpendicular orientations or clusters of adsorbate
molecules. Despite this, we do report a similar adsorption
energy at full monolayer coverage, of around —10 kJ mol ™},
compared to Figure 4 in ref 22, although admittedly we have
not simulated the ¢ (4 X 2) phase that the authors report to be

3.
= is

present. Further to this, the DLPNO-MP2 energy at © = :

notably smaller in magnitude than the experimental plot. We
can posit that no nearest neighbor adsorption configurations
can be responsible for the experimentally derived adsorption

. 1 . .
energies between © = 5 and %, since our calculations report

significantly smaller magnitude adsorption energies. Overall,
the qualitative behavior of the lateral repulsions, captured
entirely within a consistent level of correlated wavefunction
theory, indicates promise in simulating unit cells featuring
multiple adsorption sites. With further improvements to
Megacell- DLPNO-MP2, realistic simulation of even more
sophisticated geometries appears feasible.

https://doi.org/10.1021/acs.jctc.5c02179
J. Chem. Theory Comput. 2026, 22, 3927-3936


https://pubs.acs.org/doi/10.1021/acs.jctc.5c02179?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.5c02179?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.5c02179?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.5c02179?fig=fig5&ref=pdf
pubs.acs.org/JCTC?ref=pdf
https://doi.org/10.1021/acs.jctc.5c02179?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Chemical Theory and Computation

pubs.acs.org/JCTC

To quantify the impact of CO—CO interactions, we also
compute the interaction energy without lateral contributions,
E/ These values, also extrapolated to the complete PNO
space and basis set limits, are plotted as green triangles in
Figure 5. We see that the E{ , values are shown to be insensitive
across coverage ratios. This demonstrates that inclusion of
lateral interactions is crucial in order to correctly describe
adsorption at denser regimes, and in Figure S, these gas-phase
lateral contributions are shown as green crosses. From the
insensitivity of E, we can also infer that the difference in
lateral repulsion between the CO monomers in the gas phase,
compared to that under the influence of the MgO surface, is
negligible. This supports the consensus description of CO in
MgO adsorption as a form of physisorption. In turn, it also
validates the approach taken in ref 60, where the gas-phase CO
interactions are used to approximate the cohesive contribution
to the adsorption energy. However, for stronger adsorption
interactions described by chemisorption,””** we would expect
a significant difference in lateral repulsions from the influence
of the surface, and in those cases, our evaluation of E;,, would
reveal insight into such character.

5. CONCLUSIONS

Correlated wavefunction approaches have been increasingly
applied to study adsorption problems, of which CO adsorption
on the MgO(001) surface is one of the most fundamental and
commonly used case studies. Prior to this work, cluster and
periodic wavefunction methods employing MP2 and coupled
cluster theory have established excellent agreement with
experimentally derived values for the adsorption energy of a
single CO molecule onto a pristine MgO surface. In this work,
we leverage the computational efficiency of periodic DLPNO-
MP2 to push the scale of correlated wavefunction simulations
on adsorption systems, modeling multiple unit cells featuring
CO adsorption on MgO. In doing so, we demonstrate the
surface slabs in our supercells are converged toward the
thermodynamic limit, removing finite-size effects that enable
accurate evaluation of adsorption energies across different
coverage ratios.

We successfully demonstrate similar estimates of the dilute
regime adsorption energy (~— 20 kJ mol™"), at three different
coverage ratios, compared to previous computational and
experimental approaches, validating the accuracy of Megacell-
DLPNO-MP2. Tackling the adsorption energy of denser
coverages is an inherently trickier problem due to the vastly
larger configuration space that needs to be considered. Here,
we employ a simple model consisting of perpendicularly
adsorbed CO molecules, evaluating adsorption energies as a
function of monolayer coverage ratio and considering the effect
of the lateral repulsion between COs. We achieve agreement
with the experiment of decreased exothermic behavior at
higher coverage densities, approaching full monolayer cover-
age. Our current limitations in basis sets contributes the major
source of error and highlights the continued need for improved
Gaussian basis sets for periodic systems.*”*”**% Overall,
however, we show that periodic DLPNO-MP?2 is a scalable and
efficient approach to model a range of adsorption coverages at
the thermodynamic limit, within an entirely consistent level of
correlated wavefunction theory.

While the agreement between quantum chemistry and
experimental methods for CO on MgO adsorption is
impressive, further work is required to model realistic surface
systems pertinent to heterogeneous catalysis. Surfaces are not
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completely pristine in true chemical conditions, and the
presence of terraces, defects, and kinks on the surface are now
understood to have significant influences on the binding with
adsorbates.”“””® Dohnalek et al,”> for example, report
significantly more exothermic adsorption energies associated
with defect-related sites, which become the dominant
mechanism at extremely low coverages. Correlated wave-
function methods need to continue to improve to model
increasingly large unit cells if these effects are to be captured.
While approaches using DFT are common,”*™*' to our
knowledge, there are significantly fewer studies employing
correlated wavefunction methods. In this regard, we believe
future versions of periodic DLPNO-MP2 will be a viable
solution to explore sophisticated adsorption systems, treating
periodic monolayer, defect, kink, or terraced surfaces all on
equal footing, thanks to its computational efficiency. Work is
currently ongoing to model different surface adsorbate systems,
moving beyond the weakly physisorbed interactions dominant
in CO on MgO, and ongoing method development toward a
periodic PNO—CCSD(T) implementation will provide even
greater accuracies for simulating systems of relevance to
heterogeneous catalysis. Finally, periodic DLPNO schemes
have the capability of providing higher accuracy training data
for machine learning interatomic potentials,gz’83 which have
been predominantly trained thus far on DFT.
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