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Chemical Softness as a Predictor for Reactivity at Metal Surfaces
Amy L. Gunton and Stephen J. Jenkinsa)

Yusuf Hamied Department of Chemistry, University of Cambridge,
Lensfield Road, Cambridge CB2 1EW, United Kingdom

(Dated: 15 January 2026)

Abstract: The problem of identifying and characterising the active sites for heterogeneous catalysis can be
addressed by employing descriptors of reactivity, such as the local softness. A new method of calculating the
local softness for metal surfaces was recently developed and in the present work has been applied to eighteen
flat and stepped metal surfaces. The local softness has been visualised and shown to give insight into the
potential reactivity of different sites. A more granular local measure of the softness – the atomic softness –
has also been calculated and used to predict CO adsorption trends.

I. INTRODUCTION

The quantification of selectivity in surface chemistry is
important for designing better heterogeneous catalysts.
Benefits of gaining insight into selectivity may include
higher yields of desired products for lower energy cost,
with resulting environmental benefits. There are var-
ious approaches that can be used to study selectivity,
such as by controlling and varying the temperature, pres-
sure and flow of reactants across a catalyst, and studying
the synthesis of products.1 The surface science approach
to catalysis involves modelling a catalyst surface (which
would generally consist of nanoparticles on a support) us-
ing a single facet of a given metal.2 This has been shown
to yield good results for a range of reactions.2,3 One of the
reasons that this approach has been so successful may be
that many reactions are structure-sensitive, which means
that the majority of catalytic turnover occurs on only a
few types of surface feature, known as active sites.4 If a
facet containing the active sites is identified, therefore,
then instead of modelling an entire nanoparticle (which
may be experimentally complex and/or computationally
expensive) it is possible to model only the facet that ex-
hibits the sites of interest. For individual reactions on a
particular surface, computational methods such as Den-
sity Functional Theory (DFT) can be employed to cal-
culate orbitals and transition states that can then yield
mechanistic insight.5–7 However, this approach is specific
to one metal surface and reaction at a time, and it is
difficult to generalise to predicting what might occur on
different metal surfaces and for different reactions.

In order to gain a general insight into broad trends
in catalytic activity between different facets of different
metals, reactivity indices can be used. One of the sim-
plest forms of reactivity index would be to look at the
reaction energy on the surface at a given site. It has
been shown that there is a correlation between the re-
action energy and the catalytic activity.8–10 Specifically,
the activation energy of a reaction has been shown to
scale linearly with the reaction energy.8–10 These linear
correlations are known as Brønsted-Evans-Polanyi (BEP)

a)Electronic mail: sjj24@cam.ac.uk

relations.11 The adsorption energy of reactants and prod-
ucts can also be used as a reactivity index,12 and it has
been shown that maximum catalytic activity will occur
for metal surfaces that neither bind the products too
strongly (therefore not allowing the products to leave)
nor bind the reactants too weakly (which would mean
the reaction would not be catalysed).13,14 These rela-
tions may be summarised in volcano plots, highlighting
that optimal catalytic activity is obtained for catalysts
of intermediate reactivity.11

However, all the measures discussed above are specific
to a given metal and adsorbate system. A different type
of reactivity index could give general insight into trends
between different surfaces and reactions. For example,
it would be helpful to have a reactivity index that could
be used to predict the adsorption behaviour of a range of
adsorbates based on the properties of the clean metal sur-
face alone. One popular descriptor for the surface science
approach to catalysis is the d-band centre model.15,16

This uses the energy separation between the Fermi level
of a metal surface and the ‘centre of mass’ of the d band
(i.e. the first moment of the d-band density of states)
to gauge reactivity. This measure has been much used
to predict catalytic activity,17–19 but it is a global mea-
sure and therefore cannot easily be used to predict which
sites on a surface will be most active for catalysis. Also
the d-band centre is necessarily restricted to transition
metals.

In contrast, the more general concept of hard and soft
acids and bases (HSAB), developed by Pearson,20 has
been used to formulate various reactivity indices. An
example of such an index related to HSAB is the Fukui
function,21–23 which gives a relative measure of reactivity
within a molecule or nanoparticle. The chemical softness
is a similar descriptor with local and atomic variants and
wide applicability to different catalytic systems.24 This
reactivity index has been extensively used for molecules
and nanoparticles, and a new method was recently pre-
sented by us to extend its use to metal surfaces.25 In that
prior work, however, we restricted ourselves to a single
surface – Pt{111} – and focussed upon the spatial varia-
tion of local and atomic softness within and around three
aromatic adsorbates. Here, in contrast, we wish to ad-
dress a range of different surfaces, with a focus upon how
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Chemical Softness as a Predictor for Reactivity at Metal Surfaces 2

variations in softness may be related to the adsorption
heat of carbon monoxide – the prototypical test molecule
of surface science. This, we believe, addresses the po-
tential applicability of softness as a reactivity index for
heterogeneous catalysis.

A. Calculating the Chemical Softness

The local softness was defined by Berkowitz and Parr24

as

s(r) =

(
∂ρ(r)

∂µ

)
v

(1)

where ρ(r) is the local electron density, µ is the electronic
chemical potential and v is the external potential.
The local softness can be integrated over space to find

the global softness, S, of an atom, molecule or site:

S =

∫
s(r)dr (2)

The local softness is related to the Fukui function, f(r),
via the global softness, which acts as a normalisation
factor:

s(r) = Sf(r) (3)

While the chemical softness can be relatively easily ap-
proximated for molecules or nanoparticles, which are of
finite extent and have a band gap, the calculation for
metal surfaces is less straightforward.

Specifically, it is necessary to disentangle shifts in
chemical potential that come simply from adding a con-
stant to the external potential (which should have no
physical consequence) from those that occur due to
charge inflow/outflow (which is what we are interested
in). In particular, there is a practical issue with using
a plane-wave DFT computer code to calculate energies
as they will be obtained relative to a reference potential
that varies with supercell geometry for charged calcula-
tions. It may, of course, be possible to circumvent this
issue by making use of localised basis functions in a code
that does not impose periodicity in the surface-normal
direction, but such approaches are not without their own
limitations. For discussion of the advantages and disad-
vantages of selected such methods, the reader is referred
to articles from Garćıa-Gil et al,26 Smidstrup et al,27

and Bennett et al.28 Given the current dominance of fully
periodic calculations throughout the surface science lit-
erature, the incorporation of softness calculations within
such a context is much to be desired.

A method to solve the problems implied by periodic
boundary conditions was suggested by the current au-
thors in a recent paper25 and will be described in detail
in Section II B. This new approach involves separating
Eqn. 1 into a numerator and denominator,

s(r) =

(
∂ρ(r)

∂µ

)
v

=
(∂ρ(r)/∂σ)v
(∂µ/∂σ)v

(4)

in which σ is the surface excess charge density,

σ = Q/A (5)

where Q is the charge in the supercell and A is the to-
tal area (of both surfaces in the case of a double-sided
slab). The numerator of local softness is, like the Fukui
function, a relative measure of reactivity for the surface.
The issues with taking the derivative subject to a condi-
tion of constant external electric potential are confined
to the denominator of Eqn. 4, and it is the calculation of
a standard value for this factor that underpins our ap-
proach. The method involves calculating the chemical
potential after imposition of small positive and negative
test charges, to obtain the value of the denominator for
a given supercell via finite differences. This value must
then be calculated for multiple different supercell geome-
tries (different slab and vacuum thickness, keeping the
slab thickness at half the total supercell thickness). By
extrapolating to infinite slab thickness and by correcting
for the change in the DFT reference potential, the stan-
dard value of the denominator for a metal surface can be
obtained.25 The details of how to do this in practice will
be explained in Section II B, but for now suffice to say,
that it is possible to find a standard value of the denom-
inator of local softness. This can then be used in Eqn. 4
to find the local softness. It is then also possible to de-
velop a more granular local reactivity index, which gives
the softness of an individual atom on a surface. This
measure, the atomic softness, can be calculated by using
Bader’s theory of atoms in molecules29 to integrate the
local softness over atomic volume,

si =

∫
i

s(r)dr (6)

where the integral is over the topologically-defined vol-
ume of atom i.

B. Predicting CO Adsorption energy

There has been a lot of work within the field of sur-
face science on predicting the adsorption of simple species
such as diatomic nitrogen30 and oxygen14,31 based on a
reactivity index.12,14,30,31 In particular, CO is often used
as a test molecule in surface science.31,32 For example,
Hammer and co-workers have used the d-band centre re-
activity index in order to predict CO adsorption energy
on a range of platinum surfaces.32 Similarly, Nilsson and
co-workers have used the d-band centre to predict CO
adsorption on a range of transition metal surfaces.33 The
d-band centre is generally thought to be a good predictor
of the adsorption energies of small molecules on a given
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Chemical Softness as a Predictor for Reactivity at Metal Surfaces 3

surface.18 However, as mentioned above, there would be
advantages to being able to calculate a local reactivity in-
dex based on HSAB for metal surfaces in order to predict
CO adsorption trends.

II. METHODOLOGY

The local and atomic softness were calculated for
eighteen different metal surfaces. These comprised the
{111}, {100} and {110} facets of copper, silver, gold,
rhodium, palladium and platinum. Our selection of el-
ements was motivated by the use of these metals in
important heterogeneous catalytic applications (three-
way automotive catalysis, methanol synthesis, ethylene
epoxidation, water-gas shift, etc.) while the choice of
facet orientation encompassed the most stable surfaces
for materials crystallising in the face-centred cubic struc-
ture. CASTEP, a plane-wave code for implementing
DFT using periodic boundary conditions, was used for
all calculations.34,35 The exchange and correlation func-
tional used within CASTEP was that of Perdew, Burke
and Ernzerhof (PBE).36 The plane-wave-basis-set kinetic
energy cutoff was 340 eV. The standard CASTEP library
ultrasoft pseudopotentials were used to model electron-
ion interactions.

Geometry optimisations were carried out using the
BFGS quasi-Newton optimisation method37 imple-
mented in CASTEP, first on clean supercells and then
also with CO adsorbed. In each case the geometry
optimisations were performed with a force tolerance of

0.05 eV Å
−1

and an energy tolerance of 2 × 10−5 eV per
atom. The outermost layers on both sides of the double-
sided slab were allowed to relax, but the inner layers
of atoms were fully constrained. For more detail of ex-
actly how many layers of atoms were allowed to relax for
each surface, see the Supporting Information (SI). The
supercell geometry and Brillouin-zone sampling mesh
varied according to the type of calculation and accord-
ing to the surface (detailed in the Results section be-
low). For the coinage metals (Cu, Ag, Au) the CO ad-
sorption energy calculations were performed using the
Tkatchenko-Scheffler (TS) Van der Waals correction – a
semi-empirical method that has been found to improve
the binding strength of adsorbates on coinage metals.38

For the transition metals (Rh, Pd, Pt) the best course of
action is less clear because the PBE functional already
tends slightly to over-bind CO in these cases (see the lit-
erature39,40 and further discussion in the SI). Below, we
present results where the dispersion correction has been
applied to these elements, in addition to results where it
has not. Furthermore, although the imposition of a fi-
nite surface excess charge could, in principle, give rise to
a surface magnetic moment for these otherwise paramag-
netic materials, our intention to extrapolate results back
to the limit of infinitesimal charge is best suited by per-
forming all calculations without spin polarisation; once
again, the SI contains a more detailed discussion of this

point.

A. CO adsorption geometry optimisations

Geometry optimisations were performed for the clean
surface first, with three layers on each side of the slab al-
lowed to relax for the {111} and {100} surface, but four
layer on each side for the {110} surface in light of its
smaller interlayer spacing. CO was then placed on one
side of the slab and further relaxation permitted. We re-
stricted ourselves to atop adsorption sites, even when the
experimental literature (rarely) indicates that a different
site may be preferred, in order to focus upon differences
in the inherent binding strength rather than contingent
structural differences. For more details and a review of
the relevant experimental literature, see the SI. As the
layer spacing is different for different surfaces it would
not be possible to have exactly the same slab thickness
for all metals and facets. We therefore ensured that the
slabs contained the first integer number of layers that
would achieve a thickness above 18 Å. This was equiv-
alent to 8-10 layers of {111} or {100} and about 13-15
layers of {110}, depending on the specific metal (see SI
for details). The vacuum thickness was set equal to the
slab thickness for the unrelaxed slab in each case.

B. Calculating the denominator of local softness

Here, we must evaluate the partial derivative

(
∂µ

∂σ

)
v

(7)

that forms the denominator of Eqn. 4. A naive method
would be simply to use a small test charge and calculate
the chemical potential for positive and negative charge
values, then to subtract them and divide by the change
in surface charge. However, as mentioned above in Sec-
tion IA, it is non-trivial to calculate the denominator
of local softness as it is difficult to change the surface
charge while keeping the external electric potential con-
stant. There are two problems, defined as follows.
First, the energies produced by CASTEP, including

the chemical potential, are given relative to an energy
reference which is not itself specified but is related to the
average potential over the entire supercell. For different
neutral supercells of the same surface, therefore, with
different ratios of slab to vacuum, the chemical potential
will appear to differ due only to the change in energy
reference. This will arise as the potential of the slab is
different from the potential of the vacuum, so changing
the slab-to-vacuum ratio will change the average poten-
tial over the supercell.
Second, even were the problem of the reference po-

tential to be resolved, there is a more serious issue with
adding charge while trying to keep the electric potential
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Chemical Softness as a Predictor for Reactivity at Metal Surfaces 4

the same. This arises from the periodic boundary condi-
tions used by plane-wave codes such as CASTEP to treat
periodic systems such as metal surfaces. The energy of
charged supercells in periodic boundary conditions would
diverge if no special steps were taken to avoid this. In
common with other plane-wave codes, CASTEP applies a
corrective potential in order to ensure convergence.41,42

This unphysical potential means that the condition of
the derivative in Eqn. 7 is broken. However, by consid-
ering the nature of the corrective potential it is possible
to find a solution to this problem. The charge added to
the supercell can be expected to localise predominantly
at the surfaces, therefore acting as an infinite array of
charged plates that will be separated by the slab and
vacuum thickness. For a given ratio of slab-to-vacuum,
the corrective potential converges as the separation be-
tween surfaces increases.25 Therefore, by extrapolating to
infinite surface-normal supercell dimension a single value
of the denominator can be obtained. It should be noted,
however, that this method is dependent on first correct-
ing for the change in reference energy so that the actual
change in the chemical potential can be found, exclud-
ing the unphysical component due to changing energy
reference.

In order to solve the problem of the CASTEP reference
energy it is helpful to consider what physical function of
the system’s electronic energies might be expected to stay
constant when varying not only the charge but also the
slab and vacuum thicknesses. A convenient example of
just such a function is the electronic density of states
(DOS) in the region well below the Fermi level. This re-
gion of the DOS is unlikely ever to change much upon
varying the system’s charge (apart for a rigid shift) be-
cause the occupancies of its contributing electronic states
will remain virtually unchanged. The shift in reference
potential between different charges can be then calcu-
lated by performing a cross-correlation of the DOS over
some suitable range, which we have standardised to com-
prise the region within 5 eV above the lowest-energy cal-
culated eigenvalue. Details of the cross-correlation pro-
cedure can be found in the Supporting Information of a
recent paper by the current authors.25 Had we been us-
ing an all-electron code, the position of deep-lying core
states might provide an even better and/or more conve-
nient reference than the bottom of the valence band, but
the cost of such calculations for the thick slabs that we
use would likely be prohibitive.

In order to practically implement this method, geome-
try optimisations were first performed for a range of su-
percell geometries, keeping the slab-to-vacuum ratio as
1:1. The total surface-normal supercell dimension was
varied from about 40 − 180 Å. In each case the small-
est possible lateral dimensions of (1 × 1) were used and
the Brillouin zone sampling was 8 × 8 × 1 for the {111}
and {100} surfaces and 8× 6× 1 for the {110} surfaces.
Then for each of the supercell surface-normal lengths,
a DOS calculation was performed for small test charges
of σ = ±0.02 e.Å−2. These were performed keeping all

the atoms fixed at their zero-charge positions, since we
believe that polaronic effects should be negligible in the
presence of such small surface charges, where the magni-
tude of excess charge per surface atom never exceeds the
number of valence electrons in the neutral atom by more
than 1.2% (usually much less). For this DOS calculation
the Brillouin zone k-point mesh was 30 × 30 × 1 for the
{111} and {100} surfaces and 30 × 21 × 1 for the {110}
surfaces.
Although a fine sampling was used, it was still neces-

sary to smooth the DOS. This was done using the Op-
taDOS code43,44 to apply a Gaussian broadening, with
widths of 0.1, 0.2, 0.3 and 0.4 eV. The mean of the de-
nominator over all four smearing widths was then used as
the nominal value for each data point, with the standard
deviation plotted on the resulting graphs as an error bar
(see SI). This method removes the problem of changing
energy reference but the problem of the CASTEP ap-
plied potential still remains. In order to solve this, the
denominator was extrapolated to infinite surface-normal
supercell dimension, and the result was taken as the stan-
dard denominator of local softness. This was done by
finding the asymptotic fit using an exponential model.
For graphs of this extrapolation, see the SI, where fitting
parameters are also tabulated.

C. Calculating the numerator and the local softness

Having explained how to calculate the denominator of
Eqn. 4, we shall now turn our attention to the numerator,
that must also be calculated in order to find the local
softness; this quantity is defined as

(
∂ρ(r)

∂σ

)
v

(8)

where ρ(r) is the local electron density and σ is the sur-
face charge, as above. Unlike the denominator of Eqn. 4,
the numerator is not expected to vary with supercell di-
mensions, and so may be calculated for only a single (con-
venient) supercell geometry.
In terms of practically implementing Eqn. 8, the local

electron density was calculated by CASTEP for small test
charges (σ = ±0.02 e.Å−2). The difference between the
local electron densities for positive and negative charge
was then calculated in order to estimate ∂ρ(r)/∂σ, as

∂ρ(r)/∂σ =
ρ+ − ρ−

σ+ − σ− (9)

where σ+ is the positive test charge and σ− the negative
one. The charged calculations were performed using the
frozen atom positions obtained from a geometry optimi-
sation at zero charge. Once the numerator was calcu-
lated, the local softness was found through dividing by
the denominator, as in Eqn. 4. It should be noted that
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in terms of our charge convention, when the local soft-
ness at a point in space is positive it means electrons will
accumulate in response to a global increase in chemical
potential, or decrease in response to a global decrease in
chemical potential. For regions of negative local softness
the converse is true – electrons will accumulate in re-
sponse to an decrease in chemical potential, or decrease
in response to an increase in chemical potential. It can
be expected that regions of positive local softness will
predominate, which was indeed found to be the case.

III. RESULTS

A. Planar averages of local softness

Figure 1 presents values of the local softness for silver
and rhodium, averaged over the surface-parallel plane, as
a function of distance from the centre of the slab (sim-
ilar plots for the other studied surfaces are provided in
the SI). It can readily be seen that the local softness
close to the slab centre is relatively small and broadly
independent of the chosen surface facet for each metal,
even allowing for slabs of slightly differing thickness. In
contrast, local softness in regions just outside of each
slab (relative to the positions of the outermost nuclei)
is not only comparatively large but also sensitive to the
surface orientation. Further from the surface, we might
expect the local softness to decay toward zero, but in
fact we observe that it rebounds toward a finite value
in the centre of the vacuum region. A similar effect has
been noted very recently by Barrera et al45 in relation
to the nucleophilic Fukui function at a range of metal-
lic and non-metallic surfaces, attributed to the existence
of “ghost states” that the authors consider to be non-
physical. We concur with this assessment, attributing
the accumulation of electrons within the vacuum region
to depression of the work function at negatively charged
surfaces (see SI). At any rate, whilst vacuum states ac-
count for around 40% of the integrated Fukui function for
the surfaces studied by Barrera et al,45 here they typi-
cally account for only around 5-10% of the global softness
in our systems.

Aside from these observations, the most striking fea-
ture of our planar-averaged softness plots is that the lo-
cal softness achieves much higher values at the transition
metal surfaces than at the coinage metal surfaces. This is
only to be expected, in view of the presence of a partially
occupied d-band in the former cases that is depressed
well below the Fermi level in the latter. Less predictably,
however, it is also worth noting that all of our transi-
tion metal calculations reveal locations just beneath the
top-layer nuclei where the planar-averaged local softness
achieves negative values, whereas the same is not true
for any of the coinage metals. Nevertheless, further in-
sight into the variation of local softness throughout the
system will require visualisation that goes beyond planar
averages.

B. Colourplots of local softness

Figure 2 shows the local softness of silver and rhodium
surfaces as a colourmap plotted on an isosurface of 1/3
the bulk valence electron density in each case (similar
plots for the other studied metals being presented in the
SI). Such an isosurface cuts only through regions well
separated from the unphysical accumulation of local soft-
ness in the vacuum regions of our supercells. The local
softness for transition metals (e.g. rhodium) is signifi-
cantly higher than for the coinage metals (e.g. silver). In
all cases the local softness within the slab is low (below

0.1 eV−1 Å
−3

in magnitude), which corresponds to dark
blue on the colourscale. The local softness of second-
layer atoms for the {110} surface is always much lower
than that for the top-layer, step-edge atoms. For the
coinage metals there is no visible difference between the
softness of the second layer and the lower layers. In con-
trast, for the transition-metal {110} surfaces the second
layer of atoms is slightly softer (more reactive) than the
third layer of atoms and below, with a difference of about

0.1 eV−1 Å
−3

.
The local softness above the surface is higher, reaching

a maximum of about 3.7 eV−1 Å
−3

(red) for the transi-

tion metals and about 1.2 eV−1 Å
−3

(teal) for the coinage
metals. This difference in surface local softness suggests
higher peak reactivity for the former over the latter. The
“hot spots” are found on top of the top-layer atoms for
all surfaces. However, the shape of regions of higher (but
not maximum) local softness varies between different sur-
face facets. The local softness generally is slightly higher
along close-packed rows for all surfaces.
There is much more variation in the values of local soft-

ness for the transition metals, and this is particularly pro-
nounced for the stepped surfaces. For example Pd{110}
displays the greatest range of values, from about zero to

3.7 eV−1 Å
−3

and might therefore be expected to show
high reactivity. At the other end of the scale, copper and
silver surfaces typically show the lowest softness values
at the chosen isosurface, with gold surfaces surprisingly
showing slightly higher values on average. Indeed, on this
basis, Au{111} would be predicted as the most reactive
amongst the coinage metal surfaces, which is not entirely
convincing in light of the literature.
Nevertheless, we do expect that the local softness may

be used to predict how strongly an adsorbate might stick
to the surface at different positions on the same metal
surface. The colourplots suggest that the most reactive
site on the {110} surfaces would be the atop step-edge
site, followed by the step-edge short bridge site. Like-
wise for the {100} surfaces, the colourplots suggest that
the most reactive sites would be the atop site, followed
closely by the bridge site. As mentioned in the introduc-
tion, CO is a good example of a small adsorbate which
can be used to model adsorption on metal surfaces. The
preference for atop binding, which can be predicted from
the local softness, matches that found in the literature
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for the CO molecule.46 For the {111} surfaces, the atop
site has the highest softness but there is less difference
between the softness of the bridge sites compared to the
three-fold-hollow sites. Therefore, while the atop site is
predicted to be the most favourable for all the facets,
if an adsorbate were found to bind on the hollow site
it would be most likely to happen on a transition-metal
{111} facet. In the SI, the literature adsorption site of
CO on the same eighteen surfaces is discussed in detail,
but here we simply note that the only hollow-site bind-
ing on all eighteen surfaces was observed for Pd{111},46
which is in line with the predictions that could be made
based upon local softness. The local softness is a useful
measure, therefore, but it would nevertheless be helpful
to have a more granular index of reactivity, which could
be used to predict the adsorption energy trends across
different sites. This we shall now explore.

C. Atomic softness as a predictor for CO adsorption

As mentioned above, a thorough literature review of
the adsorption sites favoured in the experimental liter-
ature was conducted and is presented in the SI. How-
ever, in terms of predicting CO adsorption energy from
the atomic softness, the sites observed in the experimen-
tal literature relate to a range of different coverages and
therefore it is difficult to distinguish between the effect
of a change in reactivity as opposed to a change in cover-
age, which would increase repulsive interactions between
adsorbates. For this reason, while we were guided by the
experimental literature46–64, we chose ultimately to focus
only upon CO adsorption at the atop site for a coverage
of 0.5 ML or less (see SI).

Equation 6 can be used to calculate the softness of indi-
vidual atoms on a surface, permitting a granular measure
of the softness of top-layer atoms. In view of the unphysi-
cal accumulation of softness in the vacuum regions of our
supercells, however, we truncated the volumes associated
with top-layer atoms at a height above the surface corre-
sponding to the minima in our plots of planar-averaged
softness (see Section IIIA). Figure 3 reveals a plau-
sible trend whereby metal surfaces with very soft top-
layer atoms tend to have higher CO adsorption energy
for moderate coverage at the atop site. The atomic soft-
ness can therefore be used to predict reactivity in broad
terms, such as the difference between coinage metals and
transition metals. Within each of these two groups indi-
vidually, however, the atomic softness fails to accurately
predict the differences in reactivity of similar metal sur-
faces as there is too much scatter on the graph. A rather
stronger correlation is obtained when averaging results
for specific facet orientations across the coinage metals
separately from the transition metals but this is partly
to be expected simply because the number of data-points
is reduced. Notably, however, an increasing trend in CO
binding from {111} through {100} to {110} does seem to
emerge from the transition metal data.

IV. CONCLUSIONS

The local softness above a metal surface is related to
reactivity and might be expected to predict how strongly
an adsorbate will stick at different positions, such as the
atop, bridge or hollow sites. It is also possible to de-
velop a more granular version of the local softness that
nevertheless retains important local information, which
we call the atomic softness. We have shown that this
can be used to predict trends in CO adsorption energies.
In particular, the nine transition metal surfaces studied
all had more negative adsorption energy, and also higher
atomic softness, than any of the nine coinage metal sur-
faces. In terms of predicting the difference in CO adsorp-
tion energy between metal surfaces of similar reactivity,
however, the performance of the atomic softness was less
impressive. Nevertheless, despite this limitation, we be-
lieve that the atomic softness is a promising reactivity in-
dex for predicting the broad reactivity of metal surfaces,
especially perhaps in the case of alloys and/or nanostruc-
tured materials.

V. SUPPORTING INFORMATION

The Supporting Information is available free of charge
at ****.

• Literature review of experimentally determined CO
adsorption sites.

• Supercell dimensions and Brillouin zone sampling
details for CO atop adsorption.

• Comments on PBE adsorption energies, work func-
tion, and spin polarisation.

• Details of softness denominator calculations.

• Planar-averaged and isosurface plots of local soft-
ness for all systems studied.

• Tables of atomic softness and CO adsorption en-
ergy.

VI. DATA AVAILABILITY STATEMENT

The data underlying this study are openly available in
the University of Cambridge Data Repository (Apollo)
at ******.
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drnovský, and I. Turek, “Potential, core-level, and d band shifts
at transition-metal surfaces,” Phys. Rev. B 54, 8892–8898 (1996).

20R. G. Pearson, “Hard and soft acids and bases,” J. Am. Chem.
Soc. 85, 3533–3539 (1963).

21K. Fukui, T. Yonezawa, and H. Shingu, “A Molecular Orbital
Theory of Reactivity in Aromatic Hydrocarbons,” J. Chem.
Phys. 20, 722–725 (1952).

22K. Fukui, T. Yonezawa, C. Nagata, and H. Shingu, “Molecular
Orbital Theory of Orientation in Aromatic, Heteroaromatic, and
Other Conjugated Molecules,” The Journal of Chemical Physics
22, 1433–1442 (1954).

23K. Fukui, “Role of Frontier Orbitals in Chemical-Reactions,” Sci-
ence 218, 747–754 (1982).

24M. Berkowitz and R. G. Parr, “Molecular hardness and soft-
ness, local hardness and softness, hardness and softness kernels,
and relations among these quantities,” J. Chem. Phys. 88, 2554
(1988).

25A. L. Gunton and S. J. Jenkins, “Chemical Softness in Aromatic
Adsorption: Benzene, Nitrobenzene and Anisole on Pt{111},” J.
Phys. Chem. A 128, 6296–6304 (2024).
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