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ABSTRACT: We have conducted nonlocal periodic density
functional theory (DFT) calculations of N-heterocyclic carbenes
(NHCs) adsorbed to Pd/Cu(100), Pt/Cu(100), Pd/Ag(100), and
Pt/Ag(100) single atom alloys (SAAs) utilizing the nonlocal
optPBE-vdW functional. NHCs with electron donating groups
(EDGs) are predicted to bind more strongly to the SAA surface
compared to NHCs functionalized with electron withdrawing
groups (EWGs). Our calculations show that NHCs typically bind
to SAA geometries containing a small space between the
heteroatom sites for the SAAs considered. Generally, this pattern
is predicted to persist for a single NHCs or for a pair of NHCs
bound to the SAA surfaces. Approximate linear relationships
between NMR-based parameters and NHC-SAA binding energies
are uncovered. We predict that the binding of NHCs to SAA
surfaces is composition-dependent and heteroatom geometry dependent.

■ INTRODUCTION
A combination of increasing risks of fossil-fuel scarcity,
geopolitical tensions stemming therefrom, and environmental
degradation from fossil fuel extraction and anthropogenic
climate change has spurred an increased interest in alternative
energy sources. While wind, solar, and nuclear electrical energy
are promising for various applications, there has also been
increased interest in the use of carbon-neutral combustion
fuels such as hydrogen gas. Hydrogen has a significant
gravimetric energy density that outperforms that of traditional
fuels such as gasoline due to the highly exothermic combustion
reaction between hydrogen and oxygen gases to form water as
a byproduct.1,2 Hydrogen gas thus serves as a prototypical
alternative combustion fuel. Unfortunately, the strongly
exothermic behavior of this reaction also makes hydrogen
fuel intrinsically problematic, as there is a high risk of
catastrophic containment failure stemming from mechanical
stress: for example, a vehicular crash or puncture of a storage
vessel. While this risk is relatively small for immobile hydrogen
fuel cells, it must be addressed for hydrogen to be a viable fuel
in mobile and household applications. Concern about this risk
comes with historical precedent, with incidents such as the
Hindenburg and Challenger disasters proving particularly
noteworthy. Safe storage of hydrogen gas therefore must
address the containment of a large amount of fuel under nearly
ambient conditions while also mitigating risk of explosive
failure.2

One potential avenue toward solving this problem relies
upon the molecular corking effect discovered and characterized
by the Sykes group.3−5 This effect is based on the interaction
of hydrogen gas with bulk metal surfaces. It is well-known that
hydrogen will separate into individual H atoms on pure
metallic surfaces such as Pd or Pt and at heteroatom sites on
single-atom alloy (SAA) surfaces.6−19 The former effect has
been used in catalytic hydrogenation chemistry for well over a
century. The dissociated H atoms can then diffuse across the
metal surface while remaining adsorbed, even if the metal
surface is primarily composed of coinage metals such as Cu or
Ag. Once the H−H bond is cleaved, the hydrogen atoms
become more chemically inert, thus making adsorption of
hydrogen to metal surfaces (or even nanoparticles) an
attractive storage option.3−5,20,21 Because the H atoms can
diffuse across the surface relatively easily, a large amount of
atomistic hydrogen can be theoretically stored on SAAs.1,22

Unfortunately, the H atoms can relatively easily recombine at
the heteroatom sites and leave as reactive H2. This makes
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controlling the heteroatom sites critical to the storage and
release of the hydrogen gas as fuel.3−5,23

The molecular corking effect exploits the importance of the
heteroatom sites by utilizing a ligand, such as carbon
monoxide, that “corks” the heteroatom sites through
preferential binding. Sykes et al. have shown through
temperature-programmed desorption (TPD) experiments
that the desorption of the corking ligand thermodynamically
controls the release of reactive hydrogen gas from the
surface.3−5,9,13,21,24 Unfortunately, the carbonyl ligand studied
by the Sykes group only raised the desorption temperature
from around 210 to roughly 260 K for a Pd/Cu(111)
(heteroatom/metal with Miller indices) SAA and from 230 to
280 K for a Pt/Cu(111) SAA. Due to the low-temperature
desorption of carbon monoxide, stronger-binding ligands that
can serve as molecular corks on SAAs need to be investigated.
It is also desirable that these ligands have highly tunable
electronic properties, so that engineering applications are not
strictly limited to a particular temperature regime.
Molecular corks can also affect the structure and reactivity of

catalytic metal surfaces.6−8,10,11,25−33 Recently, the use of CO
on Pd/Au(111) SAAs to modify the active sites of SAA
catalysts has been demonstrated via density function theory
(DFT) calculations and then confirmed via experiment.34 DFT
studies have shown the ability of CO to influence the
morphology of 15 distinct SAAs.34 This shows that adsorbates
can induce changes in surfaces that directly impact catalytically
active sites, which can result in an improvement or degradation
in the activity for SAA catalysts. For example, aggregated Pd
sites on Au are required for O2 activation in the CO oxidation
reactions, whereas single Pd sites are inactive for the
reaction.35 Another example is the methane oxidation reaction,

which requires Pd nanoparticles to function. Decomposition of
the nanoparticles into single Pd atoms leads to a steep drop in
reactivity.36 A further example includes the complete hydro-
genation of ethylene to ethane. This reaction does not take
place on dispersed Ni/Cu and Pt/Cu SAAs and requires
clusters of Ni and Pt.
Recently, N-heterocyclic carbenes (NHCs) have been

suggested as potentially viable molecular corks for hydrogen
storage under ambient conditions due to their strong σ-donor
and π-back-bonding capability.4,37−42 The electronic properties
of NHCs can also be easily tuned by modification of the
substituents around the ring. Extensive experimental and
theoretical characterization of the properties of these carbenes
exist in the literature.37,43−47 Further, we have recently
demonstrated that imidazole-based NHCs have a strong and
tunable binding affinity to SAAs on the basis of the electronic
properties of the ring substituents. In that study, a connection
was established between the calculated NMR shielding
constant for the Se atom in a gas-phase NHC-selenourea
adduct, which is intimately related to the electronic properties
of the substituents, and the binding energy of the NHC to an
SAA surface.4 It was determined that NHCs substituted with
electron-donating groups (EDGs) had stronger binding
affinities, while NHCs substituted with electron-withdrawing
groups (EWGs) had weaker binding affinities to the SAAs.
This is significant because an independent parameter
estimating the electronic character of the substituents is
closely related to the binding affinity of NHCs to a surface in a
completely different system. In this article, we will expand on
this work and demonstrate that SAA heteroatom geometry and
the substituents of the NHCs bound to neighboring sites have

Figure 1. Top-down cartoon representation of the (A) s0, (B) s1, (C) s2, and (D) s3 geometries of the Pd/Cu(100) SAA surfaces. Lower depth of
the atoms in the surface is indicated by darker color shading. Copper/palladium atoms are represented with orange/white spheres, respectively.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c05376
ACS Omega 2023, 8, 37402−37412

37403

https://pubs.acs.org/doi/10.1021/acsomega.3c05376?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05376?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05376?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05376?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c05376?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


important implications for the binding affinity of the NHCs to
the surfaces.

■ COMPUTATIONAL DETAILS
Periodic simulations of the NHCs and the SAA surfaces were
performed by using the VASP 5.3.3 software package. The
optPBE-vdW functional was used to account for nonlocal
dispersion interactions, and the projector-augmented wave
(PAW) method was used to treat core states along with a
planewave energetic cutoff of 500 eV.48−53 The Γ-centered
Monkhorst−Pack scheme was used to generate 3 × 3 × 1 k-
point meshes for the calculations, which are sufficient due to
the relatively large periodic simulation box.54 The H 1s
electrons, C, N, O, and F 2s and 2p electrons, Cl 3s and 3p
electrons, Cu 4s and 3d electrons, Pd 5s and 4d electrons, and
Pt 6s and 5d electrons were treated explicitly. A dipole
correction along the z-axis was also employed by using the
IDIPOL tag in VASP.
The SAA surface slabs were created by first optimizing the

coordinates and lattice parameters for the minimal cubic unit
cell of the Cu or Ag bulk metal starting from the libraries in the
program Avogadro.55 The lattice parameters for the bulk
metals were optimized with a 31 × 31 × 31 k-point mesh to
ensure convergence. This was followed by cutting the lattice to
make a three-layer surface with (100) Miller indices and 32
atoms in each layer (96 total atoms) using Avogadro.
Individual metal atoms on the surface were replaced with Pd
or Pt heteroatoms, and the top layer of the surface was
permitted to relax with the lattice vectors fixed. This resulted in
orthorhombic unit cells with dimensions along the x, y, and z
axes of 14.60 Å × 14.60 Å × 20 Å for Cu-based SSAs and 16.65
Å × 16.65 Å × 20 Å for Ag-based SAAs. The 20 Å vector along
the z-axis was selected to ensure that the surfaces and NHCs
bound to them would not have spurious interactions
orthogonal to the surface in periodic calculations. One surface
heteroatom geometry was generated for each metal combina-
tion with only a single Pd or Pt heteroatom in the top layer,
which we label s0. Three different SAA geometries with
matching pairs of heteroatoms spaced one, two, or three
surface sites apart, labeled s1, s2, and s3, respectively, were
generated for each metal combination. When we refer to
surface geometry in this work, we are exclusively referring to
the arrangement of the heteroatoms. The lower two layers of
the surface were fixed to dramatically speed up optimizations.
The s0, s1, s2, and s3 geometries of the Pd/Cu(100) SAA are
illustrated as cartoons using the XCrysDen modeling software
in Figure 1.56

Gas-phase NHC molecular geometries were determined by
optimizing individual NHC molecules in a cell with
dimensions identical to those used in the corresponding SAA
surface simulations. Before optimizing the NHC adsorbed to
the SAA surface, the NHC coordinates were rotated so that the
carbene C was oriented toward the surface of the SAA and
shifted so that the carbene C was 2 A° above the heteroatom.
The resulting geometries have the NHC plane perpendicular
to the metal surface.37−40,57−60 When the optimization of the
NHCs on SAAs was performed, all atoms of the NHC
molecules were allowed to relax along with the top layer of the
SAA surface.
For pairs of NHCs on SAAs, the optimized NHC

coordinates were once again reoriented so that the carbene
C on each NHC pointed toward the SAA surface directly
above one of the heteroatoms, as shown in Figure 2. For pairs

of NHCs, the NHC molecules were then rotated such that the
normal vectors to the plane of the NHC ring aligned with the
heteroatom-heteroatom vector. Finally, the NHC coordinates
were shifted upward so that each carbene C-heteroatom
distance was 2 A°. This procedure initially resulted in NHC
ring planes parallel to one another, as shown in panel (B) of
Figure 2. In the case of the s1 and occasionally the s2
geometries, an additional adjustment of the initial NHC
coordinates was necessary to ensure that steric repulsion
between the NHCs did not result in a failure of the
optimization. This involved angling the bulkier substituent
groups away from one another and slightly shifting the NHC
molecules apart along the heteroatom−heteroatom vector. An
example of the result of this additional adjustment is shown in
panel (A) of Figure 2. In all cases, the optimized geometries
qualitatively resembled the initial geometries.

■ RESULTS AND DISCUSSION
Single NHCs on SAAs. Our investigation of symmetrically

substituted imidazole based NHCs bound to a variety of SAA
compositions and heteroatom geometries yielded several
insights. For simplicity, we first focus on the results for
individual NHCs bound to SAAs of varying geometries and
metal compositions. The NHC skeleton and the various
substituents we investigated are shown in Figure 3. Note that
while in many prior studies the nitrogen substituents are
varied, based on our previous study’s demonstration of the
substantial steric effects on the binding affinity of the NHCs to
SAAs, we have elected to modify only the less sterically
significant carbon sites.4 This allows us to focus only on the
electronic influence on the NHC binding affinity. For the sake
of brevity, NHCs will be designated by referencing their

Figure 2. Cartoon representation of NHCs on SAAs that (A) did (s1)
and (B) did not (s3) have adjustment of their initial coordinates and
angles along the interheteroatom vector. Carbon/copper/hydrogen/
nitrogen/palladium atoms are represented by black/orange/white/
blue/white spheres, respectively.
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unique functional groups. For Cu(100)-based SAAs with
individual NHCs, the coverage investigated was 0.00469 NHC
molecules/A°2, where for Ag(100)-based SAAs, the coverage
was 0.00361 NHC molecules/A°2 due only to the different
lattice vectors. We define the binding energy BEj for a single
NHC (functional group labeled j) to a particular SAA using
the energy of the gas-phase NHC ENHC, j, the energy of the
SAA surface ESAA, and the energy of the NHC bound to the
SAA ENHC,j−SAA,

E E EBEj NHC j SAA NHC j SAA, ,= (1)

where BEj < 0 for an energetically favorable binding affinity.
We will sometimes specify the SAA composition along with the
index j, as in BEPd/Cu, j, but the value is still calculated using eq
1.
Nuclear magnetic resonance (NMR) of Se atoms has been

utilized to quantify the π-acidity of different NHCs via Se atom
chemical shielding constants obtained from NHC-selenourea
adducts.4,44−46,61,62 To quantify the connection between the
EDG/EWG strength of the NHC substituents and the BE of
these NHCs with the surface, the isotropic chemical shielding
constant of the Se atom in an NHC-selenourea adduct (σj)

calculated for the gas-phase NHCs with substituents labeled j
from our previous study is used to create a normalized
selenium atom shielding constant (Πj) between −1 and 1.4

The Πj parameter gives the relative π-donor or π-acceptor
strength compared to the H-substituted NHC. The formula for
Πj is,

max( )j
j H

j H
=

| | (2)

We have defined the unfunctionalized (only hydrogen
substituents) NHC as the reference for Πj. Therefore, ΠH =
0, which means a more EDG-substituted NHC will have 1 ≥
Πj > 0 and a more EWG-substituted NHC will have −1 ≤ Πj <
0 on our relative scale. A plot of Πj against BEj − BEH, where
BEH is the binding energy for the completely H-substituted
NHC, for each SAA composition and geometry is shown in
Figure 4. This relative BE correlates well with Πj, although the
aldehyde (CHO) and F groups do slightly deviate from the
otherwise linear trend. NHCs substituted with EDGs have a
more favorable binding affinity to the SAAs and more negative
BEj − BEH. By contrast, NHCs substituted with EWGs have a
weaker binding affinity to the surfaces. Both results for EDGs
and EWGs are consistent with our prior work. A table of values
for ESAA for each SAA composition and geometry is given in
Table S1, a table of σj, Πj, ENHC, j, and the BEj values for each
SAA is given in Table S2 in the Supporting Information, and
the equations of fit from Figure 4 along with the relevant R2

values are given in Table 1.
As is also clear from Figure 4, F and CH3-substituted NHCs

have noticeably decreased binding affinity to select geometries
of Pd/Cu(100), Pd/Ag(100), and Pt/Cu(100) SAAs,
suggesting that there is a geometric dependence of the binding
affinities for certain NHCs. This preference of different
geometries is quantified by using violin plots of the relative
binding energies across the different geometries of each SAA
for each NHC in Figure 5. The relative binding energies for the
Pd/Cu(100) SAA, for example, are calculated using eq 3,

Figure 3. Skeletal structures of the NHC molecules considered in this
study. Only the functional groups colored blue were varied in this
study.

Figure 4. Plot of BEj − BEH for various functionalized NHCs on (A) Pd/Cu(100), (B) Pd/Ag(100), (C) Pt/Cu(100), and (D) Pt/Ag(100) SAAs
with various geometries against the parameter Πj. The corresponding functional groups are listed near the relevant points. The equations of best fit
and their R2 values are given in Table 1.
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relative BE BE min(BE )j j jPd/Cu, Pd/Cu, Pd/Cu,= (3)

where the minimum is evaluated with respect to the different
possible geometries of the NHC-SAA combination. The other
SAA compositions are treated analogously. Note that the violin
plots were not allowed to extrapolate beyond the bounds of the
data set. Interestingly, F-substituted NHCs displayed weaker
binding affinities for the s2 geometry of both Pd/Ag(100) and
Pd/Cu(100) SAAs, in stark contrast to the slight preference of
this geometry for all other NHCs and SAAs with Pt
heteroatoms. This ubiquitous preference is why the s2
geometry results have no variance in panels (C) and (D) of
Figure 5.
The binding energy data in Table S2 also shows a different

surface geometry preference (i.e., s0 vs s1 vs s2 vs s3) for
Cu(100)- and Ag(100)-based SAAs depending on which metal
the SAA surface is based on. To visualize this difference and its
geometric dependence, violin plots of the difference of the
NHC BEj for the Ag(100)-based SAA and the Cu(100)-based
SAA, which we call ΔBEPd/Ag−Pd/Cu,j or ΔBEPt/Ag−Pt/Cu, j as
appropriate, are given in Figure 6. The values of
ΔBEPd/Ag−Pd/Cu,j and ΔBEPt/Ag−Pt/Cu,j are calculated using eq
4a,4b,

BE BE BEjPd/Ag Pd/Cu,j Pd/Ag, Pd/Cu,j= (4a)

BE BE BEjPt/Ag Pt/Cu,j Pt/Ag, Pt/Cu,j= (4b)

Note that ΔBEPd/Ag−Pd/Cu,j and ΔBEPt/Ag−Pt/Cu,j are defined
such that a positive value indicates a stronger binding energy to
Cu(100)-based SAAs over Ag(100)-based SAAs. From Figure
6, it is apparent that there is a mild geometric dependence of
ΔBEPd/Ag−Pd/Cu,j. For SAAs with Pd heteroatoms, the Cu(100)-
based SAAs are preferred over the Ag(100)-based surfaces by
an average of 1.25 kcal/mol, though the F-substituted NHC
surprisingly prefers the Ag(100)-based SAA with an s2
geometry. By contrast, there is little meaningful geometric
dependence on ΔBEPt/Ag−Pt/Cu,j, and there is no significant
average preference (average ΔBEPt/Ag−Pt/Cu,j = 0.05 kcal/mol)
of either Cu(100) or Ag(100)-based SAAs.

Table 1. Linear Regression Data for the Best-Fit Lines in
Figure 4, which Includes the Regression Slope (m), the y-
Intercept (b), and the Coefficient of Determination (R2)
(The Regression Equation is of the Form BEj − BEH = mΠj
+ b)

SAA composition m (kcal/mol) b (kcal/mol) R2

Pd/Cu(100) −5.712 −0.716 0.906
Pd/Ag(100) −5.572 −0.854 0.891
Pt/Cu(100) −5.910 −0.818 0.890
Pt/Ag(100) −5.692 −0.964 0.890

Figure 5. Violin plots of BEj relative to the possible site geometry for each NHC bound to (A) Pd/Cu(100), (B) Pd/Ag(100), (C) Pt/Cu(100),
and (D) Pt/Ag(100) SAAs calculated using eq 3. A cartoon visualization of the SAA geometries is shown in Figure 1.

Figure 6. Violin plots of (A) ΔBEPd/Ag−Pd/Cu,j and (B) ΔBEPt/Ag−Pt/Cu,j
for individual NHCs on each of the various SAA geometries.
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Finally, the data in Table S2 in the Supporting Information
also show a consistently stronger binding affinity of NHCs to
SAAs containing Pt heteroatoms over Pd heteroatoms. This is
in-line with prior work.4 We call the difference between the BEj
values for NHCs on SAAs containing Pt heteroatoms and Pd
heteroatoms ΔBEPd/Cu−Pt/Cu,j or ΔBEPd/Ag−Pt/Ag,j, as appropri-
ate. The values of ΔBEPd/Cu−Pt/Cu,j and ΔBEPd/Ag−Pt/Ag,j are
calculated using eq 5a,5b,

BE BE BEj j jPd/Cu Pt/Cu, Pd/Cu, Pt/Cu,= (5a)

BE BE BEj j jPd/Ag Pt/Ag, Pd/Ag, Pt/Ag,= (5b)

By convention, ΔBEPd/Cu−Pt/Cu,j > 0 and ΔBEPd/Ag−Pt/Ag,j > 0
when a the NHC has a stronger binding affinity to the SAA
with a Pt heteroatom. NHCs bind to Cu(100)-based SAAs an
average of 8.38 kcal/mol stronger with a Pt heteroatom than a
Pd heteroatom, while Ag(100)-based SAAs yield an average of
9.59 kcal/mol stronger binding. This effect is somewhat
geometry dependent for a small subset of NHCs, which we
show using the violin plots in Figure 7. The geometric

dependence for Cu(100)-based SAAs is significant only for F
and CH3-substituted NHCs, while for Ag(100)-based SAAs
only F-substituted NHCs show any significant geometric
dependence.
Paired NHCs on SAAs. In this section, we will explore the

effect of adding another NHC to the simulation cell. For
Cu(100)-based SAAs with pairs of NHCs, the coverage
investigated was 0.00938 NHC molecules/A°2, where for
Ag(100)-based SAAs, the coverage was 0.00721 NHC
molecules/A°2 due once again to the different lattice vectors.
The identity of the electronic substituents around the NHC
ring makes a pronounced difference in the relative binding
affinity of a pair of NHCs with an SAA surface. To quantify
this, we use the Se-NMR chemical shielding constant Πj from
eq 2 for each species to create a paired donor−acceptor
parameter Πj, k = Πj + Πk, where j and k are indices for the
NHCs with different substituents. The parameter Πj, k scales
with the net relative donor and acceptor strengths of the two

NHCs’ substituents. Note that Πj, k measures the net donor
and acceptor strengths as if the two NHCs were independent,
which will allow us to determine if this is the case when the
NHCs are paired on the surface. The paired NHC-SAA
binding energy BEj, k is quantified using the difference in the
energy of the pair of NHCs on the surface ENHC,j−NHC,k−SAA, the
SAA surface energy ESAA, and the energies of the individual
NHCs ENHC,j and ENHC,k, respectively,

E E E EBEj k NHC j NHC k SAA SAA NHC j NHC k, , , , ,=
(6)

Once again, we will sometimes specify the identity of the
SAA, as in BEPd/Cu, j, k, though eq 6 will still be used. Pairs of
EDG-substituted NHCs and a mixture of EDG/EWG-
substituted NHCs have generally stronger binding to the
surface than the pair of H-substituted NHCs. The magnitude
of this effect scales roughly linearly with Πj, k, often even when
Πj, k < 0. The latter result is somewhat surprising since
individual EWG NHCs exclusively had weaker binding
affinities when compared to the H-substituted NHC across
all SAA geometries and compositions. This suggests that the
pairing of NHCs on the surface may typically strengthen the
BE when compared to the individual NHCs. By contrast, pairs
of EWG-substituted NHCs always had weaker binding affinity
compared to the pair of H-substituted NHCs, as expected.
This behavior is shown in detail in Figure 8 and linear
regression data from the best-fit lines are given in Table 2.
The dependence of the paired NHC binding energy on the

surface geometry is shown in Figure 8. It is, however,
somewhat obscured, so in Figure 9 we visualize how BEj, k
varies relative to the geometry using violin plots. As before, the
relative binding energies for the Pd/Cu(100) SAA, for
example, are calculated using eq 7,

relative BE BE min(BE )j k j k j kPd/Cu, , Pd/Cu, , Pd/Cu, ,= (7)

where the minimum is evaluated with respect to the different
possible heteroatom geometries of the NHC-NHC-SAA
combination. We find that in most cases, the s2 geometry is
the most stable for pairs of NHCs. Only the Pt/Ag(100) SAA
gave a preference for the s2 geometry in every case, although it
was preferred in the vast majority of cases for the other SAA
compositions. This geometric preference is why there is no
variance for the s2 results in panel (D) of Figure 9. The
geometric preference of pairs of NHCs is often quite
pronounced and may have significant implications for the
clustering of NHCs on heteroatom “islands” on SAA
surfaces.13

When pairs of NHCs were bound to s1, s2, and s3 SAA
geometries, there was a geometrically dependent effect on the
relative binding affinity compared to that of the individual
NHCs on the same surface. To quantify this, we define the
difference in the paired and unpaired NHC BE, ΔBEp−up, using
the paired NHC-SAA BEj,k and the individual NHC-SAA BEjs,

BE BE BE BEp up j k j k,= (8)

where the subscript p−up stands for the difference of paired
and unpaired NHC-SAA BEs. Violin plots of ΔBEp−up for the
various SAAs compositions and surface geometries are given in
Figure 10, and a full accounting of the data for Πj,k, BEj,k, and
ΔBEp−up is given in Tables S3−S14 of the Supporting
Information. In many cases, the binding affinity to the SAA
of the NHC pair was more energetically favorable relative to

Figure 7. Violin plots of (A) ΔBEPd/Cu−Pt/Cu,j and (B) ΔBEPd/Ag−Pt/Ag,j
for individual NHCs on each of the various SAA geometries.
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the individual NHCs bound to the SAA, giving ΔBEp−up < 0,
though there were exceptions. Most notably, the average
ΔBEp−up for a Pt/Cu(100) SAA was slightly positive for every

geometry studied, suggesting that NHCs are resistant to
pairing on this surface on average, which could have
pronounced effects for molecules aggregating on this SAA.
By contrast, only the Pd/Ag(100) surface had negative average
ΔBEp−up values for every surface geometry, suggesting that this
SAA composition encourages aggregation of NHCs on average.
For the Pd/Cu(100) and Pt/Ag(100) SAAs, only the s2
geometry had a negative average ΔBEp−up value, suggesting
that there is a favored distance between heteroatoms that
encourages the pairing of NHCs. While the average ΔBEp−up
values are not particularly large, they have many large-
magnitude values that suggest that there are significant
geometric effects that may become important depending on

Figure 8. Plot of BEj, k − BEH, H for NHCs on (A) Pd/Cu(100), (B) Pd/Ag(100), (C) Pt/Cu(100), and (D) Pt/Ag(100) SAAs against the
combined relative Se-NMR shielding parameter Πj, k with markers and colors differentiating both the SAA geometry and the classes of NHC
substituents. The equations of best fit and their R2 values are given in Table 2.

Table 2. Linear Regression Data for the Best-Fit Lines
Shown in Figure 8 (the Regression Equation is of the Form
BEj, k − BEH, H = mΠj, and k + b)

SAA composition m (kcal/mol) b (kcal/mol) R2

Pd/Cu(100) −5.559 −3.102 0.777
Pd/Ag(100) −5.202 −2.945 0.732
Pt/Cu(100) −5.202 −2.245 0.697
Pt/Ag(100) −5.289 −3.074 0.726

Figure 9. Violin plots of the geometrically relative BEj, k value from eq 7 for pairs of NHCs bound to each SAA composition ((A) Pd/Cu(100), (B)
Pd/Ag(100), (C) Pt/Cu(100), and (D) Pt/Ag(100)) and geometry. Red horizontal lines correspond to the first and third quartiles, while the black
lines are the medians of the data sets.
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the choice of NHCs and SAAs. The value of ΔBEp−up is not
meaningfully correlated with the electronic parameter Πj,k, as
shown in Figure 11 and quantified in Table 3. This means that

the effect is not intrinsically linked to the electronics of the free
NHC and must have some underlying cooperative mechanism
involving the surface and steric repulsion of the NHC
molecules.
As with the individual NHCs bound to SAA surfaces, there

is an average preference of SAA compositions based on
Cu(100) when the surface has a Pd heteroatom. By contrast,
there is an average preference for Ag(100)-based SAAs when

there is a Pt heteroatom. This is quantified by taking the
difference between BEj, k values for the same NHC pair on
surfaces made from Cu(100) or Ag(100) with either the Pd or
Pt heteroatoms, which we call ΔBEPd/Ag−Pd/Cu,j ,k or
ΔBEPt/Ag−P t /Cu , j , k as appropr iate . The values of
ΔBEPd/Ag−Pd/Cu,j,k and ΔBEPt/Ag−Pt/Cu,j,k are calculated using
eq 9a,9b,

BE BE BEj k j k j kPd/Ag Pd/Cu, , Pd/Ag, , Pd/Cu, ,= (9a)

BE BE BEj k j k j kPt/Ag Pt/Cu, , Pt/Ag, , Pt/Cu, ,= (9b)

By convention, a positive value of ΔBEPd/Ag−Pd/Cu,j,k or
ΔBEPt/Ag−Pt/Cu,j,k indicates that Cu(100)-based SAA yields a
greater binding affinity for the NHCs. As can be seen in Figure
12, there is little geometric dependence of this effect for SAAs
with Pd heteroatoms, although there are significant outliers.
Specifically, systems involving H & NH2-substituted NHCs,
two N(CH3)2-substituted NHCs, and CF3 & N(CH3)2-
substituted NHCs were responsible for the most significant
outliers in panel A of Figure 12. There is some noteworthy
geometric dependence on the preference of Ag(100)-based
SAAs with Pt heteroatoms, with the preference for Ag(100)-
based SAAs increasing as the site spacing decreases.
Finally, pairs of NHCs have a stronger binding affinity to

SAA surfaces with Pt heteroatoms over those with Pd
heteroatoms. This is quantified using the difference between
BEj,k values for the same NHC pair on surfaces made from with

Figure 10. Violin plots of ΔBEp−up for the various NHCs across SAA composed of (A) Pd/Cu(100), (B) Pd/Ag(100), (C) Pt/Cu(100), and (D)
Pt/Ag(100) with various geometries. The red lines represent the first and third quartiles, and the black line represents the median of the
distribution.

Figure 11. Plots of ΔBEp−up vs Πj,k for the various NHCs bound to
SAAs composed of A. Pd/Cu(100) B. Pd/Ag(100) C. Pt/Cu(100)
and D. Pt/Ag(100) with various geometries, with distinct symbols for
each SAA composition. The red lines represent the line of best fit, the
statistics of which are given in Table 3.

Table 3. Linear Regression Data for the Best-Fit Lines Are
Shown in Figure 11 (the Regression Equation is of the Form
ΔBEp−up = mΠj,k + b)

SAA composition m (kcal/mol) b (kcal/mol) R2

Pd/Cu(100) 0.147 −0.151 0.005
Pd/Ag(100) 0.100 −1.055 0.003
Pt/Cu(100) 0.710 1.215 0.081
Pt/Ag(100) 0.197 0.281 0.011
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either the Pd or Pt heteroatoms for a given SAA composition,
which we call ΔBEPd/Cu−Pt/Cu,j,k or ΔBEPd/Ag−Pt/Ag,j,k as
appropriate. The values of ΔBEPd/Cu−Pt/Cu , j , k and
ΔBEPd/Ag−Pt/Ag,j,k are calculated using eq 10a,10b,

BE BE BEj k j k j kPd/Cu Pt/Cu, , Pd/Cu, , Pt/Cu, ,= (10a)

BE BE BEj k j k j kPd/Ag Pt/Ag, , Pd/Ag, , Pt/Ag, ,= (10b)

For Cu(100)-based SAAs, there is a weaker preference for Pt
heteroatoms in the s1 geometry, while the s2 and s3 geometries
are quite similar. By contrast, there is very little dependence of
ΔBEPd/Ag−Pt/Ag,j,k on the geometries of Ag(100)-based SAAs.
This is shown in Figure 13.

■ CONCLUSIONS
We have conducted nonlocal periodic density functional
theory (DFT) calculations of N-heterocyclic carbenes
(NHCs) adsorbed to Pd/Cu(100), Pt/Cu(100), Pd/
Ag(100), and Pt/Ag(100) single atom alloys. We predict
that NHCs with electron donating groups (EDGs) have a
stronger binding affinity to the SAA surface compared with
NHCs functionalized with electron withdrawing groups
(EWGs).
When considering the dispersity of Pd or Pt atoms on the

Cu(100) or the Ag(100) surface, it was predicted that NHCs
typically preferentially bind to SAAs with geometries
containing a small space between the heteroatom sites,
which we call the s2 geometry. This pattern is predicted to
persist whether a single NHC or a pair of NHCs is bound to
the SAA, though there were sporadic cases where this
geometry was not favored. We predict that this has serious
implications for the clustering of NHC molecules in ways
specific to the SAA surface geometry and the breadth of
conditions that thermodynamically induce desorption of the
NHC molecular cork.
This study further illustrates that there are approximately

linear relationships between independent NMR-based param-

eters measuring the electron donating and withdrawing
character of the NHCs and their binding energies to SAAs
of various compositions. This indicates that the strongly
tunable electronics of NHCs can be exploited to control the
conditions under which NHCs may act as viable molecular
corks. This study also predicts that there is a surface-dependent
and geometry-dependent tendency to enhance or weaken the
binding of NHCs to the surface when they aggregate with one
another, with the Pd/Ag(100) SAA most consistently
strengthening and the Pt/Cu(100) SAA most consistently
weakening the binding.
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