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ABSTRACT: Heterogeneous interfaces are critical in a wide range
of applications, and their material properties can be tuned via
changes in the coverage and configuration of chemical adsorbates.
However, the tunability of such adlayers is limited by a lack of
knowledge surrounding the impact of adsorbate internal structure
and rotational symmetry on lateral interactions between
coadsorbates. Using density functional theory (DFT) and cluster
expansions, we systematically determine the impacts of rotational
symmetry on lateral interactions between coadsorbates as a
function of DFT functional, adsorbate type, metal type, and
cluster configuration. Results indicate that the rotational symmetry
effects can be nearly exclusively partitioned into the shortest 2-
body clusters. By electronic analysis, the nature and strength of
such effects on the lateral interactions are attributed to a balance of repulsive and attractive electrostatic interactions that are
dependent on the adsorbate and metal types. Taken together, our characterization of the impacts of adsorbate internal structure and
rotational symmetry on lateral interactions enables improved accuracy within multiscale modeling of multibody adsorbates at
heterogeneous interfaces.
KEYWORDS: Heterogeneous interface, adsorption, multibody adsorbates, lateral interactions, rotational symmetry,
density functional theory

Heterogeneous interfaces�gas or liquid contacting a solid
surface�are important for a wide range of applications,

including catalysis,1−3 semiconductors,4,5 photochemistry,6,7

and energy storage systems.8,9 The material properties of such
interfaces can be tuned via chemical adsorption.10,11 However,
precise control of surface material properties and chemical
adsorption/desorption processes is complicated via nanoscale
lateral interactions between coadsorbates,12,13 which govern
adsorbate coverage and configuration and ultimately the
thermodynamic and kinetic behaviors of the interface.

Many theoretical approaches�including mean-field approx-
imations, cluster expansions (CEs), force fields, and machine
learning (ML)�have been applied to capture coverage and
configuration effects for heterogeneous interfaces. The mean-
field approximation is a simple, fast approach where each
individual adsorbate is assumed to be affected by an averaged
effect among all other adsorbates on the surface, regardless of
configuration.14,15 Despite extensive applications,15−21 this
method is limited when lateral interactions are strongly
configuration-dependent. Meanwhile, CEs are direct quantifi-
cations of the total energy based on physically defined 1-, 2-,
3-, and higher-body “cluster” interactions between adsor-
bates.22−24 The weight of each cluster’s contribution to the
total energy is determined by its effective cluster interaction
(ECI),25,26 which is parametrized based on the relative

distance between coadsorbates alone. Force fields, such as
CHARMM, can be adapted to simulate the adsorbate−surface
interactions, involving both intramolecular and intermolecular
terms describing the internal structure, electrostatic inter-
actions, van der Waals interactions, etc.27−30 Notably, there is
no explicit term within the CHARMM potential energy
function that identifies key cluster configurations and
quantifies the magnitude of the intermolecular rotational
symmetry effects. Finally, various ML algorithms have become
an appealing strategy to accelerate the study of coverage effects
at heterogeneous interfaces over the years.31−34

Currently, configuration-dependent lateral interactions have
been examined with CE and ML approaches for heterogeneous
interfaces with small molecules, including H,35,36 O,37−41

CO,42−44 and NO.45,46 Notably, such simple adsorbates can be
treated as symmetric point charges without internal chemical
structure and no variation in lateral interaction strength based
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on relative orientation (i.e., rotational symmetry) between
coadsorbates.15,47 Outside of a CE applied to capture
rotational symmetry effects in H2O/Pt(111),48 the mean-
field approximation is still the primary approach used to study
coverage effects among large, internally complex molecules
(e.g., aromatics,15,20,21 carboxylic acids49−51).

Critically, quantification of the effect of internal chemical
structure and rotational symmetry between coadsorbates on
lateral interaction strength is missing, which can significantly
impact predictions of dominant coverages and configurations
for many-body adsorbates at heterogeneous interfaces.

Here, we present a systematic study quantifying the impacts
of adsorbate internal structure and rotational symmetry on the
lateral interactions calculated under the CE framework (Figure
1). Using density functional theory (DFT), we determine the

effect of rotational symmetry on the ECIs for a series of
common 1-, 2-, and 3-body clusters based on DFT functional
(i.e., RPBE, optB88-vdW), adsorbate type (i.e., CH3, NH3,
OH), and metal type (i.e., Pt(111), Au(111)). Overall, our
parametrization of rotational symmetry effects on lateral
interactions sheds light on the origin of such effects as well
as the importance of considering their contribution for large,
internally complex adsorbates. These results advance our
knowledge of under what conditions (e.g., DFT functional,
intraspecies distance, cluster type, metal type, adsorbate type)
rotational symmetry effects between coadsorbates are remark-
able for the multiscale modeling (e.g., kinetic Monte Carlo) of
complex heterogeneous interfaces.

The change in ECI strength during rotation of one adsorbate
through relative angles of 0°−60° are fully illustrated here
based on DFT functional (RPBE, optB88-vdW), adsorbate
type (CH3, NH3, OH), metal type (Pt, Au), and configura-
tional complexity which includes a series of 2- and 3-body
interactions (Figure 1). Here, the ECIs for all adsorbates and
configurations on Pt(111) and Au(111) are shown in Figure 2
and Figure S1, respectively. Furthermore, the variation in ECI
strength with rotation angle was quantified as the root mean
squared difference (RMSD) between the ECI at angle Φ

relative to 0° (Figure 2 and Figure S1 for Pt(111) and
Au(111), respectively).

While the functional choice has been shown in previous
work to significantly affect the magnitude of adsorption
energies,52−54 we find here that both the ECI values and
overall trends for both functionals are nearly identical (Figure
2). For all adsorbates, metals, and configurations, the overall
difference in the ECIs between the RPBE and optB88-vdW
functionals was calculated as the RMSD (Table S3), which
ranged from 0.0080 eV (CH3/Pt(111) in the 3b-3NN
configuration) to 0.097 eV (CH3/Pt(111) in the 2b-1NN
cluster). The largest differences in functional choice are seen in
the 2b-1NN and 2b-1NN-alt clusters for all of the adsorbate
cases (Table S3). In particular, the optB88-vdW functional
lowers ECI strengths of the attractive 2b-1NN cluster in
adsorbed OH due to hydrogen bonding; however, the net
difference remains small (i.e., 0.082 eV for OH/Pt(111), 0.083
eV for OH/Au(111)). Overall, the choice of DFT functional
results in relatively small changes to the ECI strengths and no
changes in the ECI trends with configuration. Subsequent
discussions here will focus on the RPBE functional results.
Such uniform consistency among DFT functionals is powerful
as model accuracy can be improved continuously by calculating
the near-zero coverage adsorption energies (easily obtained)
with higher accuracy functionals without having to repeat CE
parametrizations (computationally intensive).

The interplay between rotational symmetry effects on ECI
strengths and adsorbate−adsorbate distance is examined here
to identify the minimum cluster size at which point the internal
structure of adsorbates becomes important to the lateral
interactions. By scanning through a series of 2- and 3-body
clusters with various adsorbate−adsorbate distances, it is clear
that the majority of rotational symmetry effects are isolated to
the shortest 2-body interactions (i.e., 2b-1NN and 2b-1NN-
alt). In the CH3/Pt(111) case (Figure 2A), both interactions
have almost equivalent ECI strength (∼0.86 eV) at 0°. As
rotation angle increases, opposite behaviors in terms of ECI
strengths occur for the two 2-body systems. The intensity for
2b-1NN-alt rapidly rises to the maximum of 2.71 eV, while 2b-
1NN shows a lower ECI strength of 0.49 eV. This indicates
that an increasing rotation angle strongly reinforces repulsive
interactions in the 2b-1NN-alt cluster and gradually eases such
interactions for the 2b-1NN cluster. Notably, the 3b-1NN
interactions, which are related to a coexistence of 2b-1NN and
2b-1NN-alt interactions, are shown to have almost no
dependence on rotational symmetry. Overall, the clusters’
ECI behaviors with adsorbate−adsorbate distance shed light
on the rotational symmetry effect, suggesting that even in tight
triangular patterns, the rotational symmetry effects can be
nearly exclusively partitioned into the 2b-1NN and 2b-1NN-alt
interactions. Higher order 2-body interactions (i.e., 2b-2NN,
2b-3NN) show nearly no response to rotation angle, indicating
the rotational symmetry effect has disappeared with increased
adsorbate−adsorbate distance. These trends in ECI strength
with cluster type and adsorbate−adsorbate distance hold true
for all of the adsorbate and metal types tested here.

Examining the effect of adsorbate type on ECI strength leads
to additional insights from the intrinsic adsorbate nature.
Comparing ECI results between CH3 and NH3, both
adsorbates have parallel trends in their ECI curves with
rotation on both Pt(111) (Figure 2A,B) and Au(111) (Figure
S1). The absolute ECI strengths of 2b-1NN and 2b-1NN-alt at
0° for NH3 are stronger than CH3, but the span of ECI

Figure 1. Increasing surface coverage of adsorbates impacts adlayer
configurational complexity, including the often-neglected effects of
rotational symmetry in adsorbates. We quantify rotational symmetry
effects in adsorbate−adsorbate interactions by calculating the ECIs for
a series of adsorbates on metal (111) facets as one adsorbate is
rotated in-place by 60°. Shown are the top views for CH3/Pt(111).
The silver, black, purple, and white spheres represent Pt, C (fixed), C
(rotated), and H, respectively.
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strength with rotation angle is smaller for NH3 compared to
CH3 (i.e., 0.13/0.51 eV compared to 0.23/0.93 eV,
respectively, for 2b-1NN/2b-1NN-alt on Pt(111), Figure
2A,B). Examining results for OH, the ECI strength for the
2b-1NN-alt cluster follows a trend similar to that of CH3 and
NH3, incrementally increasing with increased rotation angle
(span of ECI strength of 0.53 eV on Pt(111), Figure 2C).
However, the 2b-1NN cluster for OH differs from the prior
trend observed for CH3 and NH3, with the ECI strength for
OH increasing with rotation from −0.07 to 0.12 eV on
Pt(111) (Figure 2C). The energetic variations give a
subsequent span of ECI strength of 0.11 eV. These trends in
ECI strength with adsorbate type are consistent for all metal
types tested here.

Just as how ECI strengths behave when adsorbate rotation is
introduced in Pt(111) systems regarding various aspects
discussed above, analogous trends are observed in Au(111)
systems (Figure S1). Differently, the intensity of ECI variations
is evidently reduced on Au(111). Taking 2b-1NN-alt as an
example, the ECI strength at 0° for CH3, NH3, and OH on
Au(111) is 0.58, 0.59, and 0.21 eV, respectively, while Pt(111)
results have ECIs of 0.86, 1.04, and 0.23 eV. The
corresponding ECI spans between 0° and 60° are 1.05, 0.56,
and 0.48 eV on Au(111) and 1.85, 0.98, and 0.85 eV on
Pt(111). Notably, such energetic differences between the two
metals are directly related to the 1-body adsorption energies
(Tables S1 & S2) and are a consequence of the two metals’
electronic structure. The filled 5d subshell in Au contributes to
the metal’s stability, while Pt is more reactive due to unpaired

5d electrons.55 These results are consistent with previously
observed trends for coverage-dependent adsorptions on
monometallic surfaces of Pt(111) and Au(111) from both
mean-field18 and CE approaches.40

To better understand the underlying chemical cause of
rotational symmetry effects on adsorbate−adsorbate inter-
actions, electronic investigations were conducted on the 2-
body interaction cases where major ECI variations were
observed during adsorbate rotation (2b-1NN, 2b-1NN-alt).
First, examination of the d-band center in Pt(111) for both 2-
body interactions with all three adsorbate types show negligible
response during rotation (Table S5 and Figure S2). This
suggests that adsorbate-induced changes in d-band centers
present only a mean-field effect (e.g., dependent only on
number of adsorbates and not configuration). Second, a Bader
charge analysis applied to the 2-body clusters (Table S6)
showed the charge variation on the adsorbate atom centers
(e.g., H, C/N/O, or total adsorbate charge) during adsorbate
rotation to be trivial. This indicates that adsorbates can accept
or donate charge to the surface, but such behavior is almost
independent of rotation/cluster type.

Taken together, the observed changes in the ECI strength
for 2b-1NN and 2b-1NN-alt with rotation are not due to
variations in either adsorbate−surface orbital rehybridization
or permanent charge redistribution. What remains is a purely
electrostatic effect resulting from a convolution of repulsive
and attractive Coulombic potentials, according to

Figure 2. (Upper Panels) ECI strength for tested 2- and 3-body lateral interactions as a function of the rotation angle for one adsorbate (i.e., (A)
CH3, (B) NH3, or (C) OH) relative to fixed neighbors on Pt(111). Results from two DFT functionals are shown: RPBE (circles and dotted lines)
and optB88-vdW (transparent solid line). (Lower Panels) RMSDs induced in each tested ECI as a function of rotational angle for one adsorbate
relative to fixed neighbors on Pt(111). Results from two DFT functionals shown: RPBE (solid) and optB88-vdW (transparent).
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where qref is the charge on the atom chosen as reference for
calculating potential, qi is the charge on the ith atom within the
given cluster (excluding reference atom), ε0 is the vacuum
permittivity, and ri is the distance between the reference atom
and the ith atom within the given cluster. Figure 3 shows these
factors conceptually. The repulsive interactions between
coadsorbates result from steric effects arising when one
adsorbate rotates and the corresponding distance between
the two adsorbates alters. Nonpolar and more charge-neutral
adsorbates such as CH3 will see predominantly steric
repulsions resulting from energy-raising charge interactions
between adjacent electron clouds (Figure 3A). While all
systems will experience such repulsive steric effects, attractive
electrostatic interactions will become more prevalent in more
polar adsorbates (i.e., NH3, OH) due to energy-lowering
charge interactions between the net positively charged H and
net negatively charged N/O (Figure 3B). Thus, the resulting
net ECI strength and its dependence on rotational symmetry
will depend on the balance of repulsive and attractive
electrostatic interactions. The dominance of the electrostatic
effect on changes in ECI with adsorbate rotation is consistent
with the rotational symmetry effects being partitioned into the
shortest 2-body clusters (i.e., 2b-1NN and 2b-1NN-alt).

To probe the underlying chemical nature of the repulsive
steric effects, we first examine the CH3/Pt(111) dataset as a

case study, considering that CH3 is nonpolar with negligible
attractive electrostatic interactions expected. Within the purely
repulsive interaction regime, changes in ECI strength with
rotation in the 2b-1NN and 2b-1NN-alt clusters can be
rationalized based on the relative distances between atoms
within the coadsorbates. While the coadsorbates’ center of
mass does not change with rotation for CH3, the relative
distance between any two atoms within the coadsorbates does
change. Due to the structure of CH3, any one distance between
atoms within coadsorbates does not describe the steric
repulsions between the electron clouds on each coadsorbate.
Thus, we have derived a parameter here called reduced
distance that describes the net change in distance between all
atoms within the coadsorbates (ri), calculated according to eq
2.
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Figure 3C shows the reduced distance between coadsorbates
in the 2b-1NN and 2b-1NN-alt clusters for CH3/Pt(111) as a
function of rotation. For the 2b-1NN cluster, as rotation
increases from 0° to 60°, the reduced distance between the
CH3 increases from 2.64 to 2.75 Å. Meanwhile, the 2b-1NN-alt
cluster sees a decrease in reduced distance from 2.64 to 2.28 Å
over the same degree of rotation. These changes in reduced
distance are linearly related to the changes in ECI strength
(Figure S3), suggesting that the ECI strength due to steric

Figure 3. Schematic depiction of (A) repulsive and (B) attractive electrostatic interactions at play between coadsorbates. The yellow (blue) regions
show areas of electron gain (loss). Bader charges are shown for each atom type within the adsorbates. Reduced distance (C−E), used here to
characterize the strength of steric repulsions, and Coulomb potential (F−H), used here to characterize the strength of electrostatic attractions, are
shown as a function of the rotation angle for one adsorbate relative to fixed neighbors for (C, F) CH3, (D, G) NH3, and (E, H) OH on Pt(111)
(solid) and Au(111) (transparent). (Insets) Differential charge densities for the 2b-1NN clusters in the 0° rotation on Pt(111) upon addition of
the rotating adsorbate’s H nearest the fixed adsorbate. Isosurface level was set at 0.0045 e−/Bohr3.
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repulsions is directly and exclusively related to the relative
distance between the two CH3 adsorbates.

As for NH3, it shares a similar structure with CH3 in both
molecule size and spatial configuration, leading to comparable
steric effects on the surface. However, steric repulsions alone
fail to answer the noticeable decrease in ECI spans due to
rotational symmetry in the 2b-1NN and 2b-1NN-alt clusters
between NH3 and CH3. An examination of the changes in
reduced distance with rotation for NH3/Pt(111) shows the
distance between coadsorbed NH3 goes from 2.66 to 2.75 Å in
2b-1NN and from 2.66 to 2.41 Å in 2b-1NN-alt (Figure 3D),
which changes are nearly identical to CH3. However, the ECI
spans for the 2b-1NN and 2b-1NN-alt clusters for CH3 are ∼2
times larger than those for NH3. Thus, the steric repulsions
between coadsorbed NH3 must be reduced due to attractive
electrostatic interactions between oppositely charged atoms
(e.g., NH3/Pt(111) see the N atom take on a net −1.1 e−

while each H atom takes on a net +0.4 e−).
We characterized the strength of such attractive electrostatic

interactions by calculating the Coulomb potential (eq 1) felt
by the H atom on the rotated adsorbate nearest the fixed
adsorbate. Bader charges were calculated at the 0° and 60°
rotations, and all the metal surface atoms were excluded. Use
of Bader charges represents a mean-field approximation to such
Coulomb potentials as the Bader charges reduce the charge
density to single values on each atom center. As shown in
Figure 3F, the attractive electrostatic interactions between CH3
coadsorbates in both 2b-1NN and 2b-1NN-alt are nearly
negligible (i.e., −0.07 to −0.30 eV). This lack of attractive
electrostatic interactions is shown visually in the differential
charge density for CH3 in the 2b-1NN cluster at a rotation of
0° in the Figure 3F inset. Upon addition of the rotated
adsorbate’s H nearest the fixed adsorbate (i.e., Δρ = ρ[2CH3/
Pt] − ρ[(CH3 + CH2)/Pt] − ρ[H]), there is no response in
the charge density on the fixed CH3 adsorbate. Meanwhile, the
attractive electrostatic interactions between NH3 under the
same conditions are at least an order of magnitude larger (i.e.,
−1.34 to −3.19 eV, Figure 3G). The effect of the increase in
Coulomb potential for NH3 relative to CH3 is demonstrated in
the differential charge density for NH3 (i.e., Δρ = ρ[2NH3/Pt]
− ρ[(NH3 + NH2)/Pt] − ρ[H], Figure 3G inset) with a
noticeable interaction between the charge on the N of the fixed
adsorbate with the nearest H on the rotating adsorbate.
Furthermore, the changes in Coulomb potential for NH3 with
rotation are consistent with changes in ECI strength. Thus, we
see the modification of steric repulsions by attractive
electrostatic interactions in more polar adsorbates (i.e., NH3)
as compared to nonpolar adsorbates (i.e., CH3), which
ultimately cause the ECI span from rotational symmetry to
significantly decrease.

Results from OH further elucidate the simultaneous effect of
repulsive and attractive electrostatic interactions due to the
rotational symmetry within the 2b-1NN and 2b-1NN-alt
clusters. In the 2b-1NN cluster, the coadsorbate configuration
at 0° favors hydrogen bond formation, with subsequent
rotation to 60° breaking said hydrogen bond. The 2b-1NN-
alt cluster has a more repulsive ECI at 0° compared to 2b-1NN
as the coadsorbate configuration is less favorable for hydrogen
bonding, with subsequent rotation to 60° seeing strongly
repulsive ECIs due to the formation of a linear O−H···H−O
configuration. Examining the reduced distances (Figure 3E) for
these OH configurations shows consistent behavior to CH3
and NH3 for the 2b-1NN-alt cluster�decreasing reduced

distance produces a sharp increase in ECI strength�while an
inverse trend is observed for the 2b-1NN cluster due to
hydrogen bond formation. Similar to NH3, the deviations in
rotational symmetry effects for OH that are expected from
purely steric repulsions are captured in the Coulomb potential
(Figure 3H). The significant decrease in ECI span for OH in
both the 2b-1NN and 2b-1NN-alt clusters is consistent with
the increase in attractive electrostatic interactions between
coadsorbed, polar OH (e.g., Coulomb potentials are negative
and at least two orders of magnitude larger than CH3). The
most attractive Coulomb potential between coadsorbed OH is
seen in the 2b-1NN cluster at a rotation of 0° (i.e., −10.83 and
−11.21 eV for Pt(111) and Au(111), respectively), which is
when the full hydrogen bond is present. Rotation to 60° in the
2b-1NN cluster results in a ∼15% decrease in the Coulomb
potential, consistent with the loss of the hydrogen bond.
Rotation in the 2b-1NN-alt cluster from 0° to 60° for OH also
decreases the attractive electrostatic interactions. The trends in
Coulomb potential determined here are consistent with
chemical intuition regarding nonpolar (CH3) versus polar
(NH3, OH) adsorbates, with the charge interactions graphi-
cally demonstrated via differential charge densities. Thus, we
see the influence of highly polar and charge-separated
adsorbates in reducing the impacts of steric repulsions on
rotational symmetry in lateral interactions due to energy
lowering of attractive electrostatic interactions.

In conclusion, we have characterized the impact of rotational
symmetry on the strength and nature of lateral interactions
between multibody adsorbates at heterogeneous interfaces.
Our results showed that both the ECI values and overall trends
for different DFT functionals (RPBE, optB88-vdW) are nearly
identical among all configurations. The rotational symmetry
effects can be nearly exclusively partitioned into the shortest 2-
body cluster interactions (i.e., 2b-1NN, 2b-1NN-alt) and are
dependent on both adsorbate type, related to the polarity of
adsorbates, and metal type, related to the metal’s electronic
structure and consequential 1-body adsorption energy. An
electronic analysis of the 2-body clusters showed that changes
in ECI strength due to rotational symmetry results from a
convolution of repulsive and attractive Coulombic potentials,
both of which change based on adsorbate type. Our work
captures to what degree and under what conditions rotational
symmetry coupling with internal adsorbate structure causes
variations in lateral interactions. Such characterizations will
enable improved accuracy within multiscale models of large,
internally complex multibody adsorbates at heterogeneous
interfaces.

■ COMPUTATIONAL METHODS
DFT calculations were performed using the Vienna Ab Initio
Simulation Package (VASP).56,57 The projector augmented wave
(PAW) method58,59 and a basis set of plane waves with a kinetic
energy cutoff of 400 eV were applied. Both the revised Perdew−
Burke−Ernzerhof (RPBE)60 and optB88-vdW61,62 functionals were
employed to describe the electron exchange and correlation. The
tolerances for the ionic and electronic relaxations were 2 × 10−2 eV/Å
and 1 × 10−4 eV, respectively. The Methfessel Paxton63 (N = 1)
smearing method was used with a smearing width of 0.1 eV.

The Pt(111) and Au(111) slabs were modeled with a p(4 × 4)
supercell with four atomic layers. The top two layers were allowed to
relax during optimization, while the bottom two layers were held fixed
at their bulk positions. The first Brillioun zone was sampled using a
gamma centered k-point grid of (4 × 4 × 1) for slab calculations. Due
to periodic boundary conditions, repeating slabs were separated by a
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vacuum spacing of at least ∼14.6 Å to eliminate interactions in the z-̂
direction. Optimum lattice constants for Pt and Au calculated with the
RPBE/optB88-vdW functional were 3.990/3.979 and 4.199/4.162 Å,
respectively, with a gamma centered k-point grid of (20 × 20 × 20).
Calculations for reference molecules in the gas phase were performed
using a (14 × 15 × 16) Å box with one single k-point, the gamma
point. All ground state conformations (i.e., ionic relaxation) were
determined using the conjugate gradient method.

The effect of rotational symmetry on the lateral interaction strength
was tested using three distinct surface adsorbates (i.e., CH3, NH3,
OH), varying different properties in bond polarity, chemical structure,
and adsorption energy. The tested adsorbate configurations at 1/16,
2/16, and 3/16 monolayers (ML, 1 ML = 1 adsorbate/1 surface
atom) on both Pt(111) and Au(111) are shown in Figure 1. At the
near zero coverage used here (i.e., 1/16 ML), ground state
optimizations were performed for each possible adsorption site (i.e.,
top, bridge, fcc, and hcp) for all adsorbate/metal/functional
combinations (Tables S1 & S2). The top site was found to be the
most energetically favorable for all combinations, except for OH,
which prefers the bridge site on Pt(111) by ≤0.1 eV and the fcc site
on Au(111) by ≤0.3 eV. To ensure comparability between results
from all adsorbate/metal/functional combinations tested here, we
placed all adsorbates at the top site.

Upon finding the dominant adsorption sites for all adsorbate/
metal/functional combinations, we performed a series of single point
calculations for a range of configurations (Figure 1). For each
configuration, one adsorbate was rotated by 60° in increments of 10°
while the other adsorbates were fixed. The 60° maximum rotation was
sufficient to capture the 6-fold, hexagonal symmetry of the (111)
facet. At each rotation, the total adsorption energy was calculated
according to

E E N X M E M N E X/ (111) (111)ads ads ads= [ ] [ ] [ ] (3)

where E[NadsX/M (111)], E[M (111)], and E[X] are the total
energies of the adsorbate-covered (111) surface, clean (111) surface
(M = Pt or Au), and gas-phase species (X = CH3, NH3, or OH),
respectively, while Nads is the number of adsorbates. The total
adsorption energy, Eads(n), can be decomposed into a series of
configuration-dependent terms (i.e., clusters) with associated weights
(i.e., effective cluster interactions, ECIs) via the lattice gas (LG) CE
method,22,25,36 according to

E Vn V n n V n n nn( ) ...
i

i i
i j

ij i j
i j k

ijk i j kads

1 body 2 body 3 body

= + + +
> > > (4)

where the system’s geometric configuration is denoted as n =
{n1,n2,···,ni,···}, a vector of occupation variables, where each ni takes on
a value of either 0 or 1, determined by the vacancy or occupancy of
the ith lattice site, respectively. The terms Vi, Vij, Vijk, and so forth
represent the 1-, 2-, and 3-body ECIs, and so on, individually. As ECI
strength is known to decay with increasing distance between
coadsorbates,37−39,41−43 we focus here on six of the shortest 2- and
3-body interactions (Figure 1). The complete dataset of adsorption
energies and calculated ECIs are given for all adsorbate/metal/
functional combinations in the Supporting Information.
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