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The discovery of linear scaling relations has JbI6464
fundamentally changed the field of heterogeneous catalysis. The 3 j 3

scaling relations have been rationalized based on the d-band theory,
specifically a separation of sp and d electron contributions to
adsorption energies. Within the framework of energy decom- Ty
position analysis, a full understanding of such a separation would
require one to further break down the adsorption energy into
distinct energy components such as electrostatics, polarization,
charge transfer, and van der Waals interactions, and to examine the AES,
sp and d contributions to each of them. As a step in this direction,

we analyzed the interaction energy between CH, (x = 1—4) AE.qs = AEgigc + AEyqw + AEpor, + AEcr
adsorbates and fcc(100) transition metal surfaces (M = Cu, Ag, Au,

Rh, and Pt), with the surfaces represented both as slabs in plane-wave density functional theory (pw-DFT) calculations and as
atomic clusters in atomic-orbital basis density functional theory (ao-DFT) calculations. Through an absolutely localized molecular
orbital (ALMO) based energy decomposition analysis of the ao-DFT adsorption energy, each of the interaction energy components
(electrostatics, polarization, van der Waals, and charge transfer) was found to follow its own scaling relations, with an intricate
interplay among these energy components yielding the overall scaling relations for the total adsorption energies. Using the recently
introduced ALMO-based polarization and charge-transfer analysis schemes, we further dissected polarization into metal surface and
adsorbate contributions, and charge transfer into metal — adsorbate and adsorbate — metal contributions. The contributions from
the sp and d electrons of the metal to these terms were further quantified, and the dominant role of the metal d electrons was
reaffirmed. These results shed light on how CH,, adsorbates interact with metal surfaces and further reveal the physical origin of the
scaling relations.

CHy
ads

scaling relations, absolutely localized molecular orbitals, energy decomposition, complementary occupied-virtual pair,
surface reactions

A class of linear relationships was proposed by Abild-
Pedersen et al., who showed that the binding energies of CH,,
NH,, OH,, and SH, species on various close-packed and
stepped surfaces correlate linearly with the corresponding
binding energies of C, N, O, and S atoms, respectively.6 A
similar analysis by Jones et al. demonstrated that several C,
species on close-packed and stepped surfaces obey these linear
trends well.” Kolb et al. focused on close-packed surfaces only
and also observed linear scaling relationships between the
binding energies of C and CH, species.® Such scaling relations

have been rationalized® using the d-band theory™'’ through a

The adsorption of molecules onto metal surfaces is a
fundamental step in the field of heterogeneous catalysis,
where metal catalysts facilitate water—gas shift, hydrogenation,
isomerization, electrocatalysis, and numerous other reactions
of industrial significance." Much consideration must be made
in selecting the optimal catalyst material for a given reaction:
metals that cause too weak adsorption cannot effectively
activate reactants, whereas metals that promote too strong
adsorption cannot effectively desorb the products to allow for
the binding of new reactant molecules. The result is a
“volcano” shaped relationship between the catalytic rate and
the binding energy (which will henceforth be called January 30, 2025
interchangeably as the adsorption energy).”* This observation May 30, 2025
forms the basis of the Sabatier principle: the optimal choice June 2, 2025
corresponds to a surface with binding energies of moderate June 11, 2025
strength for the given adsorbates.”” As such, binding energy is

a key parameter in the selection of metal catalysts.
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separation of sp- and d-electron contributions to the binding
energy. Specifically, the sp-electron contribution is expected to
remain constant for a surface made of different transition
metals, while the d-electron contribution is deemed the major
factor underneath the scaling relations. Furthermore, the slope
of these linear relations was attributed to the bond order
conservation of the adsorbate atom,”'" whereby the additional
“adsorbate-surface bonds” allow the adsorbate atom to achieve
its maximum valency. Along this line, Kolb et al. studied the
adsorption of COH and CH, both of which can form three
bonds with the metal surface, versus C atom adsorption and
found a similar slope for these two chemical species, further
supporting the concept of bond order conservation.®

Several groups further generalized the linear scaling relations
and d-band theory to more complex systems. Bhattacharjee et
al. developed a spin-polarized d-band theory for 3d transition
metal surfaces with unpaired electrons.'” Ram et al. extended
the scaling relations to magnetic bimetallic metal systems,
where the slopes were found to depend not only on the
adsorbates but also on the magnetic moment of the bimetallic
surface.'”'* Beyond the adsorption of a single adsorbate to a
pristine metal surface, researchers also studied systems with
adsorbate—adsorbate interactions or nonpristine surfaces.
Miller et al. identified scaling relations for species adsorbed
in different configurations, provided that the adsorption
geometries are similar."> Later work by Majumdar and Greeley
and by Brito-Ravicini and Calle-Vallejo showed that surface
conditions can change the valency of the adsorbed atom either
through adsorbate—adsorbate interactions'® or adsorption to
different slab facets,'” leading to different slopes for the scaling
relations across a series of metals.

In general, detailed quantum chemical analysis is needed to
understand the origins of these intriguing scaling relations
governing the binding energies.é_17 (We note recent efforts
toward understanding scaling relations for reaction energies.'")
In addition to the d-band theory, bond order conservation of
the adsorbate, and magnetic moment of metal surfaces,
researchers also exzplored other factors such as electrostatics,"’
¢ and 7-bonding,™ as well as strain due to adsorption and
ligand effects on the adsorbate.”’ In the context of modern
energy decomposition analysis,22_26 which is routinely
employed in atomic-orbital basis DFT calculations, the
adsorbate can interact with the metal surface via four distinct
mechanisms. First, the adsorbates can have strong electrostatic
interactions with the metal surfaces, which may arise from the
polarity of the adsorbate species and/or the overlap of the
metal surface and adsorbate charge densities. Second, the
adsorbates, especially highly polar ones, can also polarize the
metal electron density. The reverse polarization can be equally
important, where the metal surface perturbs the adsorbate
orbitals and its electron density. Third, charge transfer is
expected to make a substantial contribution to binding: many
metal surfaces can readily donate electrons to the adsorbate,
whereas back-donation from the adsorbate may also be
significant, especially for surfaces of metal atoms with unfilled
d orbitals. Lastly, van der Waals interactions are present to
keep the adsorbate not too close to the metal surface (through
short-range repulsion) and attract the adsorbates at a good
distance away from the surface (through long-range
dispersion). Thus, a unique perspective on the scaling
relationship governing the binding energies can be obtained
with all of these interaction energy components taken into
account.
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The present study aims to gain such a perspective on the
causes of the linear scaling relations in the context of
adsorption of CH, species on fcc(100) transition metal
surfaces. Specifically, plane-wave and atomic orbital DFT
calculations and absolutely localized molecular orbital
(ALMO) based energy decomposition analysis are performed
to seek answers to two questions: (1) Does each component
(electrostatics, polarization, charge transfer, and van der Waals) of
the binding energy follow a linear scaling relationship? (2) Can we
further decompose these energy components into sp- and d-electron
contributions and find the connection to the d-band model?

The binding energy of an adsorbate species A on a metal surface M to
produce an adsorption complex AM can be calculated as

AE 4 = Eyy — Ey — Ey

(1)
where E,y; is the energy of the adsorption complex, and E, and E,; are
the energies of the isolated adsorbate (A) and metal surface (M),
respectively. For CH, species (x = 1—4) on a specified surface, the
linear scaling relationships are of the form

AESH = aAES, + (2)

It is common to focus on the lowest-energy binding configuration for
each species on the surface, as will be done in the present work.

Below, the binding energies will be further decomposed into
physically meaningful components using the energy decomposition
analysis scheme based on Absolutely Localized Molecular Orbitals
(ALMO-EDA).”*"*° Within the ALMO approach, the total binding
energy is decomposed as

AE, 4 = AEpp, + AEpq + AEqr

)

with terms for the frozen (FRZ), polarization (POL), and charge
transfer (CT) interactions. The FRZ term corresponds to the energy
change associated with bringing the infinitely separated fragments into
their complex geometry, with no relaxation of the fragment molecular
orbitals (MOs). The FRZ term can be further decomposed as

AEgy, = AEy. + AEp + AEg,

(4)
representing the (classical) electrostatic, Pauli repulsion, and
dispersion interactions.”®*" In this work, we combine the Pauli

repulsion and dispersion terms into a single van der Waals (vdw) term

AEvdw = AEPauli + AEdisp (5)

The POL term is the energy change associated with the relaxation of
the MOs on each fragment in the presence of (the nuclei and electron
density of) the other fragment, while keeping the MOs of each
fragment “absolutely localized” (i.e., only expanded by the atomic
orbital basis functions belonging to that fragment) such that CT
between fragments is forbidden. The CT term is then defined as the
energy change from the polarized state to the fully relaxed complex,
where the MOs are permitted to delocalize between fragments.

Since it is possible for the spin state of the isolated adsorbate (ie.,
in the FRZ stage) to differ from the spin state of the adsorbed species,
an additional term corresponding to the spin flip (SF) energy will
appear. It is defined as the difference between the fully relaxed DFT
energies for the adsorbate—surface complex within two different spin
states (e.g., triplet (T) and singlet (S))

elec

E(S)

T
FULL — E( )

AEg: = FULL

(6)

where “FULL” refers to the fully converged DFT solution for the
adsorbate—metal cluster complex. When applicable, the SF con-
tribution is included in the CT energy, as the most stable spin state
usually changes upon charge transfer. A more detailed description of
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(a) Periodic Cell
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Figure 1. (a) An example adsorbate (CH,) in the hollow site of a 4 X 4 X 4 unit cell of metal atoms. The metal atoms to be kept in the cluster
model (b) are highlighted in brown. (b) A 30-atom metal cluster with CH, in the hollow site, as extracted from the periodic system (a). (c) Scaling
relations for the CH,, species on 4 X 4 X 4 periodic cells based on adsorption energies (in eV) calculated using the PBE functional with VASP. (d)
Scaling relations for the CH,, species on the 30-atom metal clusters, where the BSSE-corrected adsorption energies (in eV) are calculated using the
PBE functional with Q-Chem. Both plots (c, d) show the binding energies for the lowest-energy sites.

the ALMO-EDA scheme can be found in the Supporting Information
(Section S1).

The polarization and charge transfer energies, AEpo;, and AEcr, can
be further decomposed into contributions from sp- and d-orbitals
using a three-step procedure. In the first step, complementary
occupied-virtual orbital pair (COVP) analysis is performed on both
energy components.”” " In the second step, the weights of sp and d
contributions are assessed for each occupied or virtual orbital assigned
to the metal cluster. Specifically, for the gth fragment orbital with
coefficients C, (a single column vector), the corresponding “density
matrix” can be written as

8 T
F,=CG (7)
which is normalized in the sense that

1/25 o1/2y
2 (s qu )/m =1
I (8)

with §'/2 being the square root of the standard overlap matrix
between atom-centered Gaussian basis functions, and p indexing the
basis functions. Then, the weight of the metal sp- or d-electron
contributions can be computed by summing the diagonal elements of

Sl/zf’qsl/2 associated with sp or d basis functions
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_ 1/28 ol/2
Wepg = Z (SRS )

u€Esp(M) (9)
Waq = Z (sl/zf’qsl/z)ﬂﬂ
ped(M) (10)

The sum, wq, + wy, is close to 1.0 for both occupied and virtual COVP
orbitals for metal cluster polarization, the occupied COVP orbitals for
metal-to-adsorbate charge transfer, as well as the virtual orbitals for the
adsorbate-to-metal charge transfer. It is slightly smaller than 1.0
because of the inclusion of f-basis functions on metal atoms (within
the def2-SVP basis) and the use of projected virtual orbitals in the
COVP charge transfer analysis.

In the third and final step, the polarization energy for a COVP-POL
pair (i, a) on the metal cluster fragment is scaled by Wep Wepw WepWa
Wq Wy e and wywg, to break it into sp — sp, sp — d, d — sp, and d
— d contributions. Similarly, the COVP-CT energy for pair (i €
metal, a € adsorbate) is scaled by wy,; and wg; to break the metal—
adsorbate charge transfer into sp and d contributions. Likewise, the
COVP-CT energy for pair (i € adsorbate, a € metal) is scaled by w,,,
and wy, to decompose the corresponding adsorbate — metal CT
energy.

The bond order between the adsorbate and surface atoms represents
the effective number of “bonds” formed between the two fragments. It
can be calculated using the one-particle density matrices associated
with the FRZ, POL, and FULL states, which are in turn computed
from the occupied MO coefficients in each state. To ensure the

https://doi.org/10.1021/jacsau.5c00111
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idempotency of the FRZ and POL density matrices, one constructs
the overlap matrix 6,, = C}.SCq.. among the occupied orbitals on
both the metal and adsorbate fragments and uses it to construct the
density matrix

P=c_(c)C (11)

From this density matrix, we can compute the Lowdin occupancy for
each basis function p

occ

1/25c1/2
n, = ($"°PS7), (12)
to assess the electronic configurations of the metal cluster and
adsorbate. The off-diagonal block elements, (Sl/zf’Sl/ Z)M where u €
metal (M) and v € adsorbate (A), can be employed to compute the
“Mayer bond order”***¢

By =2 ), Y. ($/7Bs'/?), (8PS,

HEM vEA

(13)

which captures the “bond order” (i.e., effective degree of electronic
entanglement)}'7 between the metal cluster and adsorbate. Note that
eq 13 calculates the Mayer bond order of one spin. For closed-shell
systems, its value needs to be further multiplied by 2, while for open-
shell systems the a and p contributions need to be combined
together.

The present study was conducted using S adsorbates (C atom
and CH,; x = 1—4) placed at 3 sites (ontop, bridge, hollow) on
S different fcc(100) transition metal surfaces (Ag, Au, Cu, Pt,
Rh), giving 75 distinct complexes. The lattice constants used
for the respective metals were 4.09, 4.08, 3.61, 3.92, and 3.80
A’® For each complex, 4 X 4 X 4 periodic cells were prepared
using the Atomic Simulation Environment (ASE) package™ as
illustrated in Figure 1(a). The unit cells were separated by a
vacuum of 20 A in the z-direction, and the bottom two layers
of each slab were held fixed.

All periodic calculations were performed using the VASP
5.4.1 package,”* which uses a plane-wave basis and the
projector augmented wave method and potpaw.52 pseudopo-
tential.*> An energy cutoff of 400 eV was used for the plane-
wave basis, and a 4 X 4 X 1 Monkhorst—Pack k-point mesh
was applied for Brillouin zone sampling.** Partial occupancies
were determined using the first-order Methfessel-Paxton
scheme® with a smearing width of kzT = 0.2 eV, while the
final energies were extrapolated back to an electronic
temperature of kyT = 0.0 €V. The blocked-Davidson*"** and
RMM-DIIS*"*** algorithms were used for the electronic
minimization, and a conjugate gradient algorithm47 was used
for the geometry relaxation. Energy convergence criteria of
107% and 10™* eV were used for the electronic and ionic
updates, respectively. The dipole correction was not used when
calculating the adsorption energies.

Next, clusters of 30 metal atoms were cut from the relaxed
periodic slabs in an “inverted pyramid” configuration, as shown
in Figure 1(ab). This was inspired by the use of inverted
pyramids in the modeling of other adsorbate—surface
systems.*® All cluster calculations were performed using the
Q-Chem 6.2 package.” The def2-SVP**"" basis set was used
for all cluster calculations. All-electron calculations were
performed for Cu, whereas the ECPs associated with the
Karlsruhe “def2” basis sets’ were used to represent the core
electrons of the heavier atoms (Ag, Au, Pt, Rh). Counterpoise-
corrected”” calculations were performed to assess the effects of
basis set superposition error (BSSE) on the binding energies.
BSSE-uncorrected calculations were performed using the
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ALMO-EDA’*™*° scheme to decompose the interaction
energies. The fragment spin alignment procedure introduced
in ref 30 was disabled to aid with convergence. The classical
decomposition of the frozen interaction” with the modified
Pauli repulsion term>' was used due to the use of ECPs, which
restricts the availability of the orthogonal decomposition
scheme™ for metals heavier than Cu. The fragment-wise
polarization and fragment-pairwise charge-transfer terms were
calculated using the nonperturbative (variational) ap-
proaches,*** and the orbital-based analyses of these terms
were performed using complementary occupied-virtual pairs
(COVPs) with a COVP threshold of 0.5 kJ/mol. ALMO-EDA
calculations for C and CH, in both the singlet and triplet spin
states were performed to obtain the spin flip contributions.
The geometric direct minimization (GDM)>" algorithm was
used for the energy minimization of the electronic states
involved in ALMO-EDA calculations, with a convergence
criterion of 107 a.u. for the root-mean-square of the orbital
rotation gradient. To check the effect of the cluster size, we
also embedded the carbon atom in the hollow site of a larger
Cug, cluster. The total binding energy and ALMO energy
components are shown in Supporting Information Table S10
to change only slightly with the increase in the cluster size.

All calculations were performed using the Perdew—Burke—
Ernzerhof (PBE) functional® and the DFT-D3(BJ) dispersion
correction.”” As a comparison, the case of a carbon atom
adsorbed onto the hollow site of a Cu surface was also
subjected to periodic and cluster calculations with the RPBE
functional,”® which has been widely used in DFT modeling of
metal surface catalysis. As shown in SI Table SI1, the
adsorption energies (and the ALMO energy components
obtained from the cluster calculations) are only marginally
different with the PBE and RPBE functionals. Additional
cluster calculations were performed using a hybrid functional,
PBEO0,*’ and a range-separated hybrid functional, HSE-
HJS.°%°" Total adsorption energy (Figures S3 and S4) and
ALMO energy components (Figures SS and S6) show linear
scaling relations for the PBEO and HSE-HJS functionals.
However, the slopes exhibit larger deviations from the ideal
scaling slopes than PBE.

The scaling relationships in the total binding energies for CH,,
(x = 1—4) species relative to the C atom on the 5 metal
surfaces in the lowest energy sites are presented for the
periodic calculations in Figure 1(c) and for the cluster
calculations in Figure 1(d). For both the periodic and the
cluster models, it can be observed in Tables S1—S5 that C and
CH prefer the hollow site; CH, favors the bridge site in most
cases and the hollow site in other cases; CH; prefers the bridge
and ontop sites equally; CH, does not show any site
preference. These results on preferred binding sites agree
with previous reports.”*

For the periodic systems, the scaling relationships from our
calculations also agree with previous works. In Figure 1(c), the
fitted slopes (0.79, 0.52, 0.27, and 0.01) closely follow the
previously suggested adsorbate valency based values of (4 —
x)/4 for CH,>" The deviation from perfectly linear scaling
relations is rather minor, with the largest mean absolute error
(MAE) being 0.27 eV for the adsorption energies (which range
over several eVs) and the R* values all exceeding 0.80.

https://doi.org/10.1021/jacsau.5c00111
JACS Au 2025, 5, 3092—-3103


https://pubs.acs.org/doi/suppl/10.1021/jacsau.5c00111/suppl_file/au5c00111_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.5c00111/suppl_file/au5c00111_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.5c00111/suppl_file/au5c00111_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.5c00111/suppl_file/au5c00111_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.5c00111/suppl_file/au5c00111_si_001.pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.5c00111?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

JACS Au pubs.acs.org/jacsau

(a) Electrostatic (b) Polarization
0 y=0.01x-0.01, MAE=0.03 eV, R2=0.60 o) o ¥=0.00x-0.00, MAE=0.01 eV, R?=0.76 A
S
2
S
1N
—— CHy4
: i i i : i i i i i i —— CHs
-24 =22 -20 -18 -16 -14 -14 -12 -10 -8 -6 — CH2
— CH
(c) van der Waals (d) Charge Transfer s Rh
=0.01x-0.13, MAE=0.03 eV, R2=0.35
01 — A A «—+| a Pt
e Cu
=31 + Au
¢ Ag
_6.
_9.
_12-
y=0.01x+0.01, MAE=0.07 eV, R2=0.29
04 & o -+ = A
T T T T T -15 T T T T T
25 30 35 40 45 —-18 —-16 —-14 =12 -10
Ec (eV) Ec (eV)

Figure 2. Scaling relations of ALMO-EDA energy components for the CH, species on the 30-atom metal (Cu, Au, Ag, Rh, Pt) clusters: (a)
electrostatic, (b) polarization, (c) van der Waals, and (d) charge transfer. The energy components were calculated using Q-Chem for the lowest-
energy spin states at the lowest-energy binding sites.
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Figure 3. Attractive ALMO-EDA energy components (in eV) for (a) C and (b) CH in the hollow site of 30-atom metal clusters. The main COVP
contributions (>5.2 meV) from « and f3 electrons of the metal (M) and the adsorbate (L) to the polarization and charge transfer energies are
highlighted, with the remaining smaller contributions being shown in thistle (POL) and gray (CT). The spin flip energy (SF; triplet — singlet, for
the applicable systems) is shown in black and included in the charge transfer energy. Similar plots for other species/sites may be found in the
Supporting Information.

For the cluster models, the adsorption energies show a good adsorption energies can be ascribed to the different basis
correlation (R* = 0.93) with the value for the corresponding functions in use (plane wave vs atom-centered Gaussian
periodic systems (Figure S1). The small deviations in the functions) and the truncated sizes for the clusters. After all, the
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adsorption energies of adsorbates on transition metal clusters
can exhibit some oscillation as the size of the cluster grows
toward a full, infinite surface.® Despite the differences, the
general trends of the scaling relations for the periodic systems
are reproduced well by the cluster model resulting in Figure
1(d), with the fitted slopes being 0.68, 0.53, 0.36, and 0.01,
respectively, for the CH, adsorbates, an MAE up to 0.22 eV
from the linear fitting values, and an R? value of 0.96 or higher
for CH,, (x = 1, 2, 3). This establishes the validity of using the
truncated metal clusters as surrogate models for the periodic
surfaces for carrying out further energy decomposition analysis.

To explore the scaling relations for individual energy
components, all values are computed within the ALMO-EDA
framework and tabulated in Tables S1—SS. As shown in Figure
2, for all adsorbates (C, CH, CH,, CH;, and CH,) on the five
metal surfaces, the electrostatic, polarization, and charge
transfer interactions stabilize the respective complexes, whereas
the van der Waals interactions are dominated by Pauli
repulsion and thus weaken the binding.

The attractive ALMO-EDA energy components are shown
in detail in Figure 3 for two representative cases, C and CH at
the hollow site of the various metals. Here the electrostatic
interaction is shown to contribute the most to the total
adsorption energy. As shown in Tables S1—S5, this is generally
true for the hollow and bridge sites but not for the ontop site,
where the charge-transfer contribution dominates. The
strikingly large electrostatic interactions in these systems
arise from the close contact between the adsorbates (save
CH,) and the metal surface (Table S9), in particular for
species adsorbed at the hollow site. At such short distances, the
charge distribution of the interacting species overlap, leading to
extraordinarily large electrostatic interactions also known as
the charge penetration effect.’* The charge penetration
contribution decays exponentially with the intermolecular
separation, which accounts for the diminished role of
electrostatics for the ontop adsorptions. While the electrostatic
component makes the greatest contribution among the
attractive terms and exhibits the same trend as the total
binding energy across these systems, ie., both AEg . and
AEgy;; are more favorable with Pt and Rh, we note that this
attractive contribution is offset entirely by Pauli repulsion
(Figure S2), which is typical for intermolecular complexes
where the electron densities of the two monomers strongly
overlap with each other.”*®* As shown in Figure S2, the trend
is reversed when electrostatics is combined with Pauli
repulsion, with Rh and Pt having less favorable “E + P~
contributions. Therefore, the frozen interaction in these
systems makes a net positive contribution and thus does not
provide the driving force for the adsorption. The polarization
and charge transfer interactions are essential to achieve an overall
favorable binding.

In terms of the scaling relationships, Figure 2 shows that all
four energy components (electrostatic, polarization, van der Waals,
and charge transfer) for CH, (x = 1, 2, 3) adsorption exhibit
remarkable linear correlations with the corresponding values for
the adsorbed carbon atom. The R* values are all above 0.80,
which are comparable to the R* values for the total adsorption
energies in Figure 1. Among all energy components, the linear
scaling relations in Figure 2(d) for the charge transfer energies
are especially robust, with R* reaching 0.93—0.99.
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It should be noted that compared to the total adsorption
energy, all of the energy components display a larger MAE
from the linearly fitted values. This is particularly noticeable for
CH,, for which the MAEs for energy components fall in the
range of 0.35 eV (charge transfer) to 1.58 eV (van der Waals).
To a large extent, this is caused by the larger magnitudes of
individual energy components than that of the total adsorption
energy. For instance, the van der Waals contribution (as
dominated by Pauli repulsion) is as large as 21.004 eV (the
orange square in Figure 2(c)) for the CH,—Rh;, complex,
whereas the total adsorption energy (without BSSE correction)
is only —6.021 eV.

In terms of the slopes, all individual components also follow
the general trend observed for the total scaling relations in that
the slope becomes smaller with decreasing valency of the
adsorbate (i, from CH to CH,). But the slopes from the
energy component scaling relations differ more substantially
from the suggested theoretical values—0.75 (CH), 0.50
(CH,), and 0.25 (CH;)—than those observed in Figure 1
for the total adsorption energies. Here in Figure 2, the slopes
of charge transfer energies (0.67/0.47/0.39) and polarization
energies (0.59/0.44/0.29) deviate less substantially from above
theoretical values than the slopes of electrostatic (0.60/0.53/
0.41) and van der Waals (0.56/0.43/0.35) energies, suggesting
the potentially more substantial roles of POL and CT in
leading to the slopes of the total adsorption energies.

As mentioned above, the polarization and charge transfer
energies are key driving forces of the adsorbate-metal binding.
To further understand these interactions, the ALMO-based
COVP analysis is employed to elucidate their physical origins
by further breaking them into fragment-wise or fragment-
pairwise contributions.

The polarization can arise from the occupied-virtual orbital
mixing within the adsorbate (as polarized by metal surface) or
those within the metal cluster (in response to the nuclei and
electron densities of the adsorbate). As shown in Figure 3(a),
when located in the hollow site of metal surfaces, a C atom (L,
the ligand) is mainly perturbed through its a electrons.
Specifically, as shown in Figure 4(a), the 2p, orbital of a C
atom on Pt surface loses 0.905 « electrons to its 2p, orbital.
Note that the amount of migrated charge (AQ) here is
calculated based on the analysis scheme associated with the
COVPs;*>** using basis function occupancy based on Léwdin
population, this value is estimated to be 0.540 e~ (Table S8).
Meanwhile, the polarization energy within the Pt and Rh metal
clusters, which is nearly equally distributed among the a and
electrons, is higher than those for Ag/Au/Cu clusters. This is
expected because the Pt and Rh clusters, with an average d’s'
and d®%’ electronic configuration for each metal atom (see
Table S7), respectively, have empty d orbitals to accept
electrons (see Figure 4(b) for the case of C—Pty), in contrast
to the d'%' Ag/Au/Cu atoms. For a CH molecule on the metal
surface, Figure 3(a) shows much smaller polarization energy
for the adsorbate, and slightly weaker polarization of the metal
surface.

When it comes to charge transfer, the strength of @ and
M — L charge transfer to C and CH, adsorbates are
approximately constant across the metals in Figure 3. As an
example, Figure 4(d) shows that 0.178 « electrons (0.131 e~ in
Table S8) migrated from mostly the d orbitals of the 4 closest
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Figure 4. Representative COVP orbitals for carbon adsorbed on the
Pt surface at the hollow site. (a—d) a-COVP donor—acceptor pairs for
(a) L — L polarization, (b) M — M polarization, (c) L = M charge
transfer, and (d) M — L charge transfer. Pt atoms below the first layer
are pink, first-layer Pt atoms are silver, and carbon atoms are gray. AE
is the energy lowering due to the transfer of AQ electrons from the
donor orbital of one fragment to the acceptor orbital on the same (for
POL) or another (for CT) fragment.

Pt atoms to the 2p, orbital of the C atom (whose occupancy
was reduced during the polarization stage). On the other hand,
the L — M donation was more substantial in the cases of Pty
and Rhy,, where electrons can be injected into the partially
filled d orbitals of the clusters. For instance, 0.293 e~ (0.418 e~
in Table S8) was transferred from the 2p, orbital of C atom to
the d orbitals of the neighboring and farther-away Pt atoms
shown in Figure 4(c).

(a) COVP-POL Orbital Contributions (C, Hollow)
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a-d-d
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B-d—d

Inin el

Ag Pt Rh

E (eV)

In terms of the relative o vs  contributions to these charge
transfer energies, L — M donation mostly involves a electrons.
This is expected because C and CH adsorbates have more
electrons than f# ones. Conversely, M — L CT is dominated by
the donation of metal 8 electrons to the empty /3 orbitals of the
adsorbate.

As mentioned in the introduction, the scahng relationship was
rationalized by Nerskov and co-workers’ with the d-band
theory”'? that states the differences in adsorption energies
across the metals is mostly due to interactions with the d states.
As such, it invoked a separation of contributions to adsorption
energy from sp and d electrons of transition metals. The sp-
electron contribution was suggested to remain nearly constant
from metal to metal, whereas the d-electron contribution varies
more substantially and underlies the observed linear scaling
relationship. To explore this in the context of adsorption on
the cluster model of metal surfaces, a further separation of the
polarization and charge transfer energies into their sp and d
orbital contributions is carried out using the procedure
described in Section 2.2, producing the results shown in
Figure S.

In panel (a) of Figure S, the sp — sp polarization energies
are clearly similar across the metals Ag, Au, and Cu; but they
are significantly lower for Pt and Rh, as it becomes easier to
polarize sp electrons into the empty d orbitals of these metal
atoms instead, resulting in their more pronounced sp — d
polarization. The o and f d — sp contributions to the
polarization energy do not differ much among the metals,
which is expected as each metal has a d's' electron
configuration on average. The most striking differences in
polarization reside in the d — d contributions, which are much
larger for Pt and Rh (again due to their empty d orbitals) than
for the other metals. This confirms that the variation in the
polarization energy of the C—M;, complexes arise primarily
from d electrons of the metal atoms.

Similar conclusions may be drawn on the charge transfer
interaction shown in Figure S(b). The net metal sp-electron
contributions to charge transfer energy (M-sp — L and L —
M-sp, see first column for each metal) appear to be rather

(b) COVP-CT Orbital Contributions (C, Hollow)

—-12

_10 E
aM-sp-L
al-M-sp
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il
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BM-d-L
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Figure S. (a) COVP-POL energy contributions from transition metal’s sp and d orbitals for M — M polarization. (b) COVP-CT energy
contributions from the sp and d orbitals of the metal atoms for M — L and L — M CT. All decompositions were performed using the triplet

electronic configuration.
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Figure 6. Calculated “Mayer bond orders” for the frozen (FRZ), polarized (POL), and fully converged SCF (FULL) states for the adsorption of
(a) C, (b) CH, (c) CH,, and (d) CH; onto the hollow site of each metal cluster.

consistent for Ag, Au, and Cu and actually decrease slightly for
Pt and Rh. In contrast, the net metal d-electron contribution to
the charge transfer (second column for each metal, mainly
through @ L - M-d and f M-d — L donations) is much
greater for Pt and Rh.

Together, these findings within ao-KSDFT offer further
support to the d-band model: the variation in the adsorption
energies of CH,, on the metal surfaces, especially the polarization
and charge transfer components, arise mainly from contributions
from metal d-electrons.

As seen earlier in Figure 1, CH,, binds progressively weaker to
the five metal surfaces as the number of hydrogen atoms in the
adsorbate increases. This is expected on the ground of
lowering valency of the adsorbates. In this work, a new
metric—effective Mayer “bond order” between the adsorbate
and metal surface—is computed according to eq 13 and shown
in Figure 6 for the cases of hollow-site adsorption.

For the FULL state of all complexes, the metal—adsorbate
“bond orders” are predicted to be slightly over 4 (C), 3 (CH),
2 (CH,), and 1 (CH;), which are in remarkable agreement
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with the valency of these adsorbates. As far as other ALMO-
EDA states are concerned, the “bond orders” acquire only half
of their values at the FRZ stage and increase slightly with the
incorporation of mutual polarization. Charge transfer, there-
fore, is key for each adsorbate to fully reach its maximum
valency. This reaffirms the bond order conservation underlying

the observed scaling relations."!

This work has focused on an ALMO-based analysis of the
interaction between a CH, adsorbate and a metal cluster.
Clearly, it would be desirable to connect and compare the
ALMO results to those from the popular Newns-Anderson
model.®*~”" Here, we briefly demonstrate how an Anderson
Hamiltonian can be built for the systems under consideration.

Starting from the noninteracting metal surface and adsorbate
fragment orbitals, C® and CY, one can use the standard AO
basis overlap matrix, S, to obtain the overlap between the
fragment orbitals
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Serz =
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The corresponding (idempotent) density matrix in the AO
basis is

(0)';\4
_ occ,
P(O) = [Cg(z)c,M CS)(Z)C,A]SOCIC,FRZ (O)T
c\o

occ,A

where Cffgl’M and C((,%A refer to the occupied fragment orbitals,
and S, prz the occupied-occupied sublock of Sggz. The
corresponding atomic-basis Fock matrix, F©, can be built and

then recast in the basis of fragment orbitals

Cg\?[)’TF(O)Cg\(/)[) Cg\?{),TF(O)CgS)
ez = | o) 4000 (0 h0))

cOHEOCO O TROC (14)
which corresponds to the Anderson Hamiltonian. Through
solving the generalized eigenvalue problem

FrpzC' = SpryC'A (15)
one can obtain a new density matrix

P = C.(Coo) (16)
and estimate the energy change

AE = Fpp,-(P' — P©) (17)

which corresponds to the polarization and charge transfer
portions of the adsorption energy. Numerical analysis is
underway to compare these results with those of the Newns-
Anderson model, which will be reported in a forthcoming

paper.

In this work, the binding energy between CH, adsorbates and
five fcc(100) transition metal surfaces have been decomposed
using the ALMO-EDA scheme to gain more in-depth insights
into the linear scaling relations between the adsorption
energies of CH, species and that of a C atom. Our main
findings are as follows.

e For CH, molecules, their adsorption to the metal surface
can be described using truncated 30-atom clusters (Ms,)
as surrogate models, which yield good correlation with
periodic DFT results (R* = 0.93).

Polarization and charge transfer interactions between the
adsorbates and the metal cluster are essential to achieve
an overall favorable binding.

The ALMO-EDA components (electrostatic, van der
Waals, polarization, and charge transfer) all exhibit their
own scaling relations, which follow the general trends
observed in those for the total binding energy.

The further decomposition of polarization and charge-
transfer based on COVPs and the quantification of
metal’s sp- and d-electron contributions show that the
variations in these terms on different metal surfaces
primarily arise from the varying character of the d
orbitals of each metal, which is fully consistent with the
d-band theory.
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As such, ALMO-EDA stands as a powerful tool for a detailed
analysis of the interactions between adsorbates and metal
surfaces. In addition, basis function occupancies and adsorbate-
metal “bond orders” are also useful, intuitive metrics for
characterizing the electronic structure of adsorbate-metal
complexes. Equipped with these tools, one can investigate a
broader range of surface—adsorbate interactions, including
systems with more complex chemical compositions of the
surface or the adsorbate. From a computational methodology
standpoint, an extension of these analysis tools to periodic
DFT calculations would be highly desirable. It will also be
interesting to explore the effects of solvents’> or microcavity”
on the adsorption energies, which will require a further
development of our EDA framework.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.5c00111.

Description of the ALMO-EDA procedure, periodic and
cluster calculation results, additional calculations and
benchmarks (PDF)

Adsorbate-metal surface geometries POSCAR (ZIP)

Adsorbate-metal surface geometries CLUSTER XYZ
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