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ABSTRACT: We present a systematic computational study of submonolayer coverage of
alkali atoms (Na, K, Cs) on Cu(111) surface hydrated from 1 to 6 water molecules. Our
calculations show that water molecules preferentially bind to the adsorbed alkali ion and that
a gradual detachment of the alkali from the Cu(111) surface is found as the hydration
increases. This decoupling of the alkali from the Cu(111) surface results in a linear decrease
of the charge transfer to the substrate. The orientation of the water dipoles pointing toward
the surface leads to a gradual increase of the work function of the substrate as the number of
coordinated water molecules increases from 1 to 4. Beyond 5 coordinated water molecules,
the alkali adatom becomes saturated, and water adsorption sets in on the Cu(111) surface
with the expected decrease in the work function of the system, as measured in two-photon
photoemission spectroscopy (2PPE) experiments. From the detailed analysis of the
orientation of the water electric dipoles, we were able to understand the experimentally
observed initial increase of work function upon hydration and its subsequent decrease after
saturation of alkali sites with water molecules. From the calculated energetics, we gauge the relative strengths of the alkali−Cu(111),
alkali−water, and water−Cu(111) interactions as we move across the alkaline group. We found an excellent linear correlation
between experimental water desorption temperatures and our computed water−alkali binding energies on Cu(111)

1. INTRODUCTION
Our current understanding of the ionic chemisorption started
with the pioneer work on electron emission by Langmuir.1 He
proposed that charge transfer is the mechanism behind the
adsorption process of alkali atoms on transition metals: the
attraction between the resulting positively charged alkali
adatom and its corresponding induced image charge in the
metal slab is responsible for the ionic chemisorption. This
simple model was later put on a more rigorous basis by
Gurney2 with a study on the reduction of the work function of
W by adsorbed alkali metals. Gurney proposed that alkali
partially donated its s valence electron, and its mixing with the
metal states results in a broadening of the alkali valence orbital
into resonances. Gurney’s seminal model was subsequently
improved by different authors including Lang and Williams,3

Muscat−Anderson−Newns,4 and Scheffler5,6 in the context of
Green’s function theory. Since the 1990s, a more elaborate
picture came with the advent of density functional theory
(DFT) calculations. Finally, in the past decade, combined
computational and experimental works have deepened our
understanding on the electronic excitations of alkali atoms on
metals.7

Recently, we have witnessed renewed interest in adsorbed
alkali atoms on transition metal surfaces as efficient promoters
in several reactions of industrial importance. For example,
alkali atoms were found to enhance several key reactions
including ammonia synthesis,8 deoxidation of CO2,

9 dissoci-
ation of CO,10 methanation and the Fischer−Tropsch

reactions,11,12 and the epoxidation of butadiene.13 Potassium-
promoted CuxO/Cu(111) (with x ≤ 2) bifunctional substrates
were also recently investigated as efficient heterogeneous
catalysts for the methanol synthesis.14 It was also found
experimentally that the activation barrier for the reduction of
Cu2O by CO reduces as much as a ∼30% in the presence of
K.15 Cesium-promoted Cu(111) surfaces were known to
catalyze the water gas shift (WGS) reaction since the late
1980s.16 Recent studies have shown that potassium on
Cu(111) surfaces also enhances water dissociation and
facilitates the WGS reaction17,18 with possible applications in
the H2 gas production industry. The recent paper by Wang et
al.17 found that water and CO2 dissociation activity on alkali-
covered Cu(111) surfaces increases down the alkaline group
(Na < K < Rb < Cs) and was attributed to the increase of
electronegativity in the series Na > K > Rb > Cs.
A few years ago, Shiotari et al.19 carried out a combined

scanning tunneling microscopy (STM) and computational
study of mono- and dihydrated sodium adatoms on Cu(110)
at 6 K. They observed that a single water molecule bonded to
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Na adatom exhibits rotational dynamics around the central
alkali adatom even at 6 K, and therefore, the whole cluster
typically appears in STM images as a “shredded” protrusion
and rarely as a static oval shape expected for a “f rozen”
configuration. Thus, the rotational motion at this low T is
faster than the time scale of the STM measurement and
therefore “shredded” STM images result. The authors
speculated that quantum tunneling could play a role in the
rotational dynamics at low T. They also found that this
rotational dynamics is quenched when two water molecules are
bonded to the Na adatom. As a result, the STM images feature
a cluster with marked ellipsoidal shape, and the surface
migration of the complex becomes highly restricted due to the
“anchoring” effect of two water ligands. Although not discussed
there, it is expected that this anchoring effect should also occur
for higher hydration numbers, other alkali (and alkaline earth)
adatoms, and perhaps other supporting surfaces.
Our work is further motivated by an experimental study of

submonolayer alkali-covered Cu(111) surface by Meyer et al.20

After hydrating an alkali precovered Cu(111) surface, the
authors found that (1) a new peak at higher temperature
develops in thermal desorption spectroscopy (TDS) experi-
ments, and it was attributed to water molecules directly
bonded to the alkali adatom preadsorbed on Cu(111).
Moreover, it was found that the desorption temperature peak
decreases as one goes down the alkali group (Na > K > Cs)
suggesting that the interaction alkali−water becomes weaker
for heavier alkali. (2) Electronic excited states were
investigated using two-photon photoemission spectroscopy
(2PPE). It was identified that new water-like states emerge and
were attributed to hybridized states between water and the
alkali σ* antibonding surface resonance. (3) They found that
the heavier the alkali atom is, the longer is the relaxation time
of the excited state created during time-resolved 2PPE
experiments. (4) It is well-known that adsorption of either
water molecules or alkali atoms decreases the work function of
the clean Cu(111) surface, and the reduction monotonically
increases until saturation of the surface. However, when water
is deposited on an already precovered alkali−Cu(111) surface
(<0.1 ML alkali), the authors found that the work function
initially increases with the water exposure, and then it reaches a
maximum at ∼0.5 BL of D2O coverage beyond which it
decreases. Clearly, the explanation for such nonmonotonic
behavior is that, at low coverages, water binds first the alkali
adatoms and after saturating them, it starts adsorbing on the
Cu(111) surface. It is the second step that is responsible for
the measured decline in the work function.
Atomistic understanding of solvated alkali atoms on

transition metals is of fundamental interest not only in the
aforementioned studies but also in general electrochemistry
(e.g., corrosion process) and in a multitude of other surface
reactions in the presence of aqueous solutions of alkali ions.
Dry alkali atoms on bare transition metals represent an
important model system that was extensively studied using
computer simulations. However, the perturbations introduced
by the inclusion of solvation water have been hitherto hardly
addressed computationally. Therefore, a systematic computa-
tional study on the basic properties of solvated alkali atom on
Cu(111) is highly needed.
Here, we study by first-principles calculations the structural,

energetics, and electronic properties of wet alkali atoms (Na,
K, Cs) on Cu(111) in the low and high hydration (up to six
water molecules) regimes. From the binding energies, we were

able to quantitatively explain the aforementioned TDS results.
Our detailed analysis of the orientation of water molecules
around the alkali and the induced interfacial dipole allows us to
explain this nonmonotonic behavior of the work function with
the water coverage. Therefore, the purpose of this paper is to
provide atomistic insight into the experimental findings by
Meyer et al.20 and Shiotari et al.19 using density functional
theory (DFT) calculations and to better understand the
fundamental properties of wet alkali on transition metals in
general.

2. CALCULATION METHODS AND MODELS

2.1. DFT Calculations. All slab calculations used the PBE
exchange-correlation functional.21 We included van der Waals
(vdW) corrections via the Grimme’s D3 semiempirical
method.22 We ran all calculations within the projector-
augmented wave method (PAW)23 as implemented in the
GPAW code (version 1.4.0).24,25 For the GPAW calculations, we
initially used the linear combinations of atomic orbitals
(LCAO) mode26 with a double-ζ-polarized (dzp) basis set
on all atoms to preoptimize the structures until ionic forces fell
below 0.02 eV/Å. The grid spacing was h ≈ 0.18 Å, the
electronic smearing temperature was 0.1 eV, and we used a
fully converged κ-point mesh of 8 × 8 × 1.
For more accurate results, we subsequently reoptimized the

LCAO structures in the plane wave (PW) mode using a
converged kinetic energy cutoff of 500 eV until a maximum
force ≲0.05 eV/Å was obtained on all atoms. With this PW
computational setup, we reproduced the nearly bidegenerate
Shockley surface state of ∼0.55 eV below the Fermi level at Γ
for clean unreconstructed Cu(111) and a work function of
4.79 eV, in excellent agreement with other computational
works17,27−29 and experiments.30,31

This 2-step protocol (first a quick preoptimization at the
LCAO level and then in the PW mode) saves CPU cycles as
the second step (PW) typically converges in ∼10 steps or less,
which otherwise would require tens of expensive optimization
iterations. This becomes particularly problematic as the
number of water molecules increases and hence the
“floppiness” of the system also increases. This indicates that
the optimal LCAO geometries are actually very close to the
PW-relaxed structures. The PW basis set not only improves the
prediction of binding energies (no basis set superposition
error) but also correctly predicts long-range properties
investigated here such as the work functions, charge transfers,
etc. All results given in this work are therefore calculated using
the PW basis set.
In all our slab calculations, we included semicore states on

the alkali atom due to the expected large electron transfer, and
we explicitly considered seven electrons for the Na atom
(2p63s1) and nine electrons for both K (3s23p64s1) and Cs
(5s25p66s1) atoms. Projected densities of state (PDOS) on the
adsorbates were broadened with peak-centered Gaussian
functions of width 0.1 eV. Spin polarization effects were
taken into account for the energetics calculations of the
isolated alkali atoms in the doublet spin state.
All STM simulations were carried out within the Tersoff−

Hamann approximation32 in constant-current mode as
implemented in the code ASE33 to visualize the local
electronic density of states 30 meV above the Fermi level
and facilitate the comparison with the STM images by Shiotari
and co-workers.19
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2.2. Computational Models. The Cu(111) surface was
modeled with the coordinates derived from the experimental
lattice constant of copper (3.61491 Å). The low adsorbate
coverage limit was investigated using a 4 × 4 × 6 supercell (96
Cu atoms, 16 atoms per layer, a total of 1056 electrons, 11
electrons per Cu atom). The unit cell matrix was [[10.224, 0.0,
0.0], [5.112, 8.855, 0.0], [0.0, 0.0, 30.632]] Å. Over 15 Å of
vacuum layer and dipole corrections were used to decouple the
periodic images along the (nonperiodic) normal z direction.
All initial geometries were constructed with the ASE module.33

All Cu atoms in the slab were frozen except those from the
top layer, which together with the alkali atom and water
molecules were free to move during geometry relaxations.
Letting only the top layer to relax is a reasonable
approximation for the following reasons: (1) The use of
Grimme’s D3 vdW corrections often tends to underestimate
the bulk lattice constant,34 so it is better not to relax the entire
slab. (2) The perturbing effect of the alkali atom adsorption
was reported to be rather localized on a few underlying Cu
atoms in the top layer;17,35 therefore, there was no need to
relax all interior Cu layers, which slows down the structural
optimizations. (3) We checked whether this artificial constraint
affects or not the work function calculated at both sides of the
clean Cu(111) slab. We found that the work function values on
both sides are within 0.01 eV from one another, so layer
vertical relaxation does not seem to be severe here, and our
approximation is justified. (4) We checked that the interlayer
relaxation is minimal. On a pristine unrelaxed slab, the vertical
separation in Cu(111) is 2.087 Å whereas in our relaxed
copper top layer it is at 2.062 Å from the layer underneath,
which is only a ∼1% deviation from the experimental value. In
fact, we checked all of our 21 relaxed structures, and we found
that the minimum and maximum deviations are 0.79% and
1.14%, respectively, from the ideal interlayer separation.
Our definition of adatom coverage is as follows: 1 ML means

that the number of adatoms is equal to number of substrate
atoms in the top layer. We note that there is another definition
commonly used in the experimental literature whereby 1 ML
refers to the maximum saturation coverage achieved. For
example, in the case of Cs on Cu(111), a surface coverage of
0.25 ML was found experimentally to saturate the Cu(111)
surface in STM experiments, and sometimes this is referred to
as a full monolayer.36 This saturation monolayer is often
reached when the separation between alkali atom in the
overlayer is similar to the nearest neighbor distance of the
alkali in the bulk solid. The first (theoretical) definition is
preferred when one does not know the experimental saturation
coverage and will be used throughout this paper. As in ref 20,
here we also studied a low alkali coverage to avoid dissociation
of water molecules by the preadsorbed alkali ions. All
calculations presented here are for an alkali coverage of θ =
1/16.
First, we relaxed the alkali atom position on the surface to

mimic the experiments by Meyer et al.,20 who deposited the
alkali atoms prior to any hydration. We explored different
adsorption sites (top, bridge, hollow) for the alkali atom on the
clean 4 × 4 × 6 Cu(111) slab and found that the 3-fold fcc
hollow site is preferred at θ = 1/16 = 0.0625 surface coverage,
as found by others,29 and it was therefore adopted as a starting
configuration in all of our calculations. Due to its large atomic
polarizability, the Cs atom does not exhibit a clear site
preference as it is less affected by the surface potential than the

less polarizable Na adatom, which remains at the fcc site of
Cu(111) even after hydration.
Then we placed water molecules in a stepwise manner

nearby the adsorbed alkali and converged the whole
configuration. We did exploratory tests on the adsorption
site for a single solvating water bonded to the alkali atom and
found no significant angular preference in the azimuthal angle.
This is consistent with STM experiments at 6 K by Shiotari et
al., who observed facile rotational motion of a single water
around Na adatoms on Cu(110) with a computed rotational
barrier of only ∼35 meV and a similar value for the binding
energy difference for Na−(H2O) adsorbed along the two main
directions on Cu(110),19 which is comparable to the thermal
energy at room temperature (∼26 meV). Nonetheless, we
remark that our primary goal in this paper is to study the
impact of hydration up to saturation of the adsorbed alkali
atoms on the electronic properties rather than to systematically
search for the global minima of the solvated structures.
Upon hydration, the solvated alkali atom relaxed (for some

cases) to a bridge-like position during our structural relaxations
when the number of water n was larger than 1, probably due to
a change in site preference of the alkali adatom. This
displacement of adsorption site upon solvation could be due
to a change in the character of the interaction: when no water
is present, the alkali−Cu bond is mostly ionic at low coverages
and not directional, and therefore, high coordination sites
(high packing) are preferred. Upon hydration, however, the
bond alkali−Cu weakens and becomes increasingly less ionic,
which explains the apparent change in site preference we
sometimes see in our DFT calculations.
A coverage of one ideal, perfect water bilayer corresponds to

2 water molecules per 3 fcc(111) surface Cu atoms in the top
layer,37 which is equivalent to a surface coverage of θ = 2/3 of
a monolayer. In our 4 × 4 × 6 supercell, with 16 Cu atoms on
the top layer, an ideal water bilayer contains 32/3 water
molecules. However, for preadsorbed alkali atoms, all water
molecules preferentially interact first with the alkali atoms
rather than with the surface Cu atoms, so the bilayer definition
probably overestimates the actual water coverage on clean
Cu(111) and is certainly ill-defined at low water coverages
where the binding takes place preferentially via the alkali
adatoms. In this paper, we investigate this issue in detail and
show how to estimate the actual fraction of water molecules
wetting the Cu(111) surface at larger water coverages.
As a final check of our computational setup, we estimated

that the binding energy of water on clean Cu(111) to be 0.405
eV at an optimal Cu−O distance of 2.37 Å and a work function
reduction of Δw = 0.38 eV, with negligible charge transfer to
the surface. This is in good agreement with the respective DFT
values of 0.433 eV, 2.34 Å, and Δw = 0.52 eV of Freire and co-
workers.28,38 Wang et al.17 reported a binding energy of 0.39
eV, quite close to our binding energy, which also agrees with
the DFT value of 0.441 eV reported by Shiotari et al.19 on
Cu(110). In further agreement with these studies, we also
found that water is bonded to the atop site with its molecular
plane lying nearly flat on a clean Cu(111) surface.

3. RESULTS AND DISCUSSION
3.1. Structural Properties. Figure 1 shows the optimized

structures of adsorbed sodium solvated with up to six water
molecules. The geometries of the adsorbed clusters with other
alkali atoms (K and Cs) are similar and are given as Supporting
Information. The relaxed cluster configurations are quasi-
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linear, trigonal pyramidal, tetragonal pyramidal, and square
pyramidal for hydration numbers n = 2, 3, 4, and 5 water
molecules coordinated to the central alkali atom, respectively.
Thus, the clusters adopt a quasi Cnv symmetry for n = 2−4
water molecules, with these sitting slightly lower than the alkali
ion. The geometry for alkali coordinated with three water
molecules is quasi planar (water molecules are always lower
than alkali adatom), and the angles between O−M bonds are a
nearly perfect 60 deg. The reason for a quasi-linear (bent)
structure for the dihydrated alkali adatoms could be due to (1)
a preferential interaction of water with Cu(111) underneath,
(2) the participation of d atomic orbitals in the heavy alkali−
water interaction, and (3) the larger polarizability of heavy
alkali metals.
With n = 4 water molecules in principle, we have two

structural choices: trigonal pyramidal (T) or quasi planar
square (S). According valence shell electron pair repulsion
(VSEPR) theory, one would expect the T configuration to be
preferred (in the gas phase), but slab DFT calculation shows
that the most stable one is the S configuration due to the
favorable interaction of the water molecule with the image
charge and induced water dipoles in the metal, and it is the
only one that explains the observed increase in work function.
We compared the DFT energy of relaxed T and S
configurations and found the latter to be at least 0.5 eV
more stable than the former.
With five coordinated water molecules, we found that four

water molecules remain in the equatorial plane and the fifth
water goes to the axial position and the whole cluster adopts a
square pyramidal geometry. This creates an electric dipole that
is away from the surface and in the opposite direction from the
other water molecules. This explains the sudden decrease in
the substrate work function; see solid lines in Figure 2. We
note that the adsorbed cluster K−(H2O)5 is an outlier in our α
parameter (40.6° value) due to the fact that the fifth water
deviates from its axial position to establish an hydrogen bond
interaction by donating one H atom to the O atom of an
equatorial water molecule. For coordination number n ≥ 6,
there is no much room for direct coordination to an already
saturated/cluttered alkali adatom, and instead the sixth water
molecule forms a hydrogen bond bridge between one

equatorial water and the axial water in a second-hydration
shell.
Table 1 shows the main relevant structural parameters of the

relaxed clusters on the Cu(111) surface. The vertical
separation between the alkali adsorbate M and the top
Cu(111) layer, ΔzCu−M = z(M) − z(Cu), at zero hydration is
larger for Cs than for Na. This is expected because the ionic
radius of bulk alkali metals increases down the group: Na (1.16
Å), K (1.52 Å), and Cs (1.74−1.81 Å). We observe a
significant gradual decoupling of the alkali adatom from the
top Cu(111) layer as hydration increases. The difference in
alkali−Cu(111) distance between fully hydrated (n = 6) and
dry alkali is 0.72, 0.56, and 0.50 Å for Na, K, and Cs,
respectively. Likewise, the longer M−O bond length (dM−O)
along the series M = Na, K, and Cs in our calculations is
consistent with the increase of ionic radius. The mean vertical
distance between alkali and oxygen water increases as we go
down the group due increase in ionic radius of the alkali
adatom. For example, we found that ΔzM−O = zM − zO = 0.12,
0.38, and 0.59 Å for tetrahydrated Na, K, and Cs ions on
Cu(111), respectively.
The equatorial water molecules around the alkali atom have

their hydrogen atoms pointing toward the surface. This is
partially due to the favorable interaction not only with its own
image dipole but also with alkali’s image (negative) charge and
other image water dipoles. The angle β, in the last column of
Table 1, quantifies the orientation of the water H’s relative to
the metal surface, where a value of 180° (0°) means that
surface normal and water dipole are anticollinear (parallel). We
observe that β increases slightly down the alkali group and
stays fairly constant in the interval n = 1−4. The fifth water
breaks this trend because it is axially coordinated (see Figure
1), and its H’s repel the positive alkali ion. The sixth water
molecule is engaged in a double hydrogen bonding with axial
and equatorial waters rather than interacting with induced
charges/dipoles in the surface. Flipping the β orientation of a
single water molecule attached to the alkali by 180° (so that
hydrogen atoms are pointing upward) is not stable, and it
relaxes back to the original orientation, that is, with the H’s
atoms facing toward the surface. This orientational preference
of water dipoles is behind the initial reduction in work function
due to solvation of preadsorbed alkali on Cu(111); see later
discussion on Table 2.

Figure 1. Views of the optimized structures of adsorbed sodium on
Cu(111) surface hydrated with up to six water molecules. Cu, H, O,
and Na atoms are represented by the orange, white, red, and silver
spheres, respectively. Note that the fifth water molecule is axially
coordinated to the sodium adatom whereas the sixth one is not
bonded to sodium adatom but instead is engaged in hydrogen
bonding. The geometries of other solvated and adsorbed alkali metals
(K and Cs) are not shown here as they are qualitatively similar.

Figure 2. Correlation plot of work function changes −Δw (solid, in
eV), vertical separation ΔzCu−M (×, in Å) between Cu(111) surface
and alkali atom M, net Bader charge on the Cu(111) slab qCu(111)
(filled ○, in units of elementary charge e), and binding energies Eb of
the system (□, eV). Data from Table 1 and Table 2 were used. Na, K,
and Cs values are indicated by the black, blue, and red colors,
respectively.
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Possible explanations for the downward orientation of the
water dipoles near the metal are (1) the Coulomb attraction
between water H’s and the image charges/dipoles in the
conductor and (2) the van der Waals attraction with the
substrate. Other authors39,40 have proposed a local hydrogen

bonding between water H’s with the underlying transition
metal atoms. We do not rule out this proposal but noted the
somewhat long H···Cu average separation (∼2.45 Å) and the a
priori unsuited Pauling electronegativities of Cu (1.90) and H
(2.20) atoms for hydrogen bonding. On the other hand, we
also noted that as the alkali atom detaches from the surface at
high hydration levels (for n = 6), the water molecules still
remain close to the surface (in an electron-rich region) at the
same height as for n = 1, and their H’s still keep pointing
toward the surface, which is consistent with some sort of local
intermolecular bonding with underlying Cu atoms. This is
reflected by the gradual increase of the polar angle α and the
constant value of angle β as the hydration number n increases.
If the H-bond proposal is correct, the H atoms of each
equatorial water molecules would have a definite orientation
toward the surface and preferentially interact with two nearby
Cu atoms. The calculated closest vertical distance between
water oxygens and top Cu(111) layer (ΔzCu···O) is about 3.0 Å
across all systems studied, independent of the type of alkali
atom and water coverage, which is similar to the position of the
first peak in the O−O radial distribution function (RDF) of
liquid water at room temperature.
Reliable values for the adsorption heights and energies of

alkali on Cu(111) are scarce in the literature, and we found the
Cu−Na equilibrium distance of 2.63 Å and the adsorption
energy of 1.796 eV reported by Caravati et al.41 are in fair
agreement with our values of 2.82 Å and 2.42 eV, respectively.
A vertical distance of 3.33 Å for Cs on the 7 × 7 Cu(111)
surface was reported,42 which agrees well with our value of
3.39 Å.
Water binds to alkali atoms via its oxygen, and the molecule

orients with the hydrogen atoms pointing toward the Cu(111)
surface to maximize the (attractive) interaction with surface via
several mechanisms (alkali−water cluster image charge and

Table 1. Relevant Structural Parameters and Energetics for the Relaxed Solvated Alkali Atoms on Cu(111)a

system dCu−M ΔzCu−M dM−O α β

Na 2.82 2.38 N/A N/A N/A
Na−1H2O 2.79 2.49 2.34 78.1 148.6
Na−2H2O 2.95 2.62 2.33 81.2 147.5
Na−3H2O 3.13 2.89 2.35 88.5 147.2
Na−4H2O 3.41 3.09 2.40 92.9 147.3
Na−5H2O 3.42 3.10 2.45 92.4 (5.5b) 146.0 (61.9b)
Na−6H2O 3.55 3.30 2.46 96.4 (12.5b) 139.8 (54.6b)
K 3.17 2.77 N/A N/A N/A
K−1H2O 3.21 2.88 2.72 87.7 153.9
K−2H2O 3.15 2.98 2.75 89.8 151.2
K−3H2O 3.34 3.17 2.76 93.4 151.6
K−4H2O 3.65 3.36 2.78 97.8 150.7
K−5H2O 3.41 3.30 2.89 96.3 (40.6b) 151.2 (95.5b)
K−6H2O 3.73 3.48 2.84 99.2 (25.1b) 144.4 (52.3b)
Cs 3.39 3.02 N/A N/A N/A
Cs−1H2O 3.47 3.13 3.07 92.5 159.0
Cs−2H2O 3.48 3.24 3.10 94.2 156.7
Cs−3H2O 3.64 3.46 3.12 98.0 157.3
Cs−4H2O 3.84 3.61 3.15 100.7 153.8
Cs−5H2O 3.76 3.52 3.25 97.9 (16.1b) 153.2 (56.9)
Cs−6H2O 3.89 3.67 3.25 101.4 (31.4b) 147.9 (62.7b)

aAll distances are in Å. M means alkali metal. dCu−M is the shortest Cu−alkali bond length. The polar angle α is the angle between the vertical
direction (z, normal to the surface) and the vector M−O (a value of 0° means that the bond M−O is along surface normal). The angle β measures
the tilt of water molecular plane and can take the value of 0° (180°) when water H’s are pointing straight up (down, toward the surface). Our
preliminary calculations on Li and Rb are given in a footnote.43 bWater molecule in axial position.

Table 2. Adsorbates on Cu(111): Bader Charges, Work
Function Changes, and Energeticsa

system qM qH2O qCu(111) Δw (V) Eb (eV)

Na 0.78 N/A −0.78 1.46 2.42
Na−1H2O 0.83 −0.10 −0.74 1.07 3.28
Na−2H2O 0.85 −0.17 −0.68 0.69 4.12
Na−3H2O 0.88 −0.25 −0.63 0.50 4.95
Na−4H2O 0.87 −0.29 −0.59 0.24 5.59
Na−5H2O 0.86 −0.27 −0.60 0.77 5.97
Na−6H2O 0.87 −0.29 −0.59 0.82 6.56
K 0.80 N/A −0.80 2.09 2.60
K−1H2O 0.83 −0.10 −0.73 1.61 3.43
K−2H2O 0.85 −0.17 −0.68 1.18 4.24
K−3H2O 0.87 −0.24 −0.63 0.82 4.98
K−4H2O 0.87 −0.29 −0.59 0.56 5.61
K−5H2O 0.87 −0.29 −0.59 0.39 6.13
K−6H2O 0.88 −0.30 −0.58 0.75 6.60
Cs 0.78 N/A −0.78 2.31 2.77
Cs−1H2O 0.82 −0.10 −0.72 1.86 3.56
Cs−2H2O 0.84 −0.18 −0.67 1.43 4.27
Cs−3H2O 0.87 −0.25 −0.62 1.11 4.99
Cs−4H2O 0.88 −0.30 −0.59 0.81 5.58
Cs−5H2O 0.89 −0.29 −0.60 1.30 5.84
Cs−6H2O 0.90 −0.32 −0.58 0.71 6.59

aThe charges are in units of the elementary charge e. M means alkali
atom. Δw = wCu(111) − wall is the work function change relative to the
clean Cu(111). Total binding energies for the full system (Eb(n) = n
× Ewater + ECu(111) + EM − Eall) are in eV.
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dipole in the metal, van der Waals, and hydrogen bonding).
Experimental STM images by Shiotari et al. on monohydrated
sodium cluster on Cu(110) suggest that a single water
molecule undergoes facile rotation around the alkali adatom
even at T = 6 K and is quenched when 2 water molecules are
bound.19 This is quantified by the angle β in Table 1, which
increases as the charge transfer to the metal increases. To
prove this point, we constrained the position of oxygen water
(we allow only rotations) and the alkali atom, and we varied
the height to change the amount of charge transfer to the
Cu(111) slab. We found that when the alkali atom is far away,
the adsorbed water molecule dipole is parallel to the slab
instead of perpendicular.
From Table 1, we see that all oxygen−alkali distances

(dM−O) are less than the theoretical threshold distance for
spontaneous electron transfer as given by (neglecting small
entropy contributions) d (Å) = C/[IE(M) − EA(water)],
where C = 14.399 is the conversion factor from atomic units to
eV·Å. IE(M) is the gas-phase first ionization energy of the
alkali atom M, and EA is the electron affinity of an isolated
water, both in eV units. Using the experimental values of these
quantities, we estimate the values of the threshold distance d to
be 2.706, 3.184, 3.533 Å for isolated Na, K, and Cs atoms,
respectively. Thus, for dM−O < d, the gas phase alkali atom is
expected to donate its valence electron to the 4a1 LUMO of
water molecule. The relaxed bond lengths dM−O in Table 1 are
all smaller than d, which suggest that a significant charge
transfer from the alkali to water is expected. However, we
remark that these distances d are strictly valid in the gas phase
and neglect the influence of a metal substrate.
Our M−O distances (dM−O) are in good agreement with

previous computational and experimental studies, which
extracted dM−O mostly from the first peak of the radial
distribution functions (RDF). Here, we briefly review the
published values but refer the interested reader to the paper by
Maḧler and Persson44 (and references therein) for a more
thorough discussion on the plethora of M−O values in
literature. For sodium hydrates, our 2.3−2.4 Å values fall
within the range [2.34, 2.50] Å of previously reported Na−O
distances. For hydrated potassium, our 2.7−2.8 Å value is in
line with the range [2.65, 2.97] Å of other works. Wang et al.17

reports a DFT K−O distance of 2.70 Å for K−water on
Cu(111), which agrees very well with our 2.72 Å value. Finally,
our 3.0−3.1 Å Cs−O distance agrees with experimental studies
that place this bond length in the range of [2.95, 3.21] Å. Our
preliminary calculations on dry and monohydrated lithium and
rubidium on Cu(111) yield geometry parameters consistent
with the expected trends.43

To finish with this section, we remark that finding the global
minima of solvated structures is nontrivial judging by the
several studies in literature devoted to such task on gas-phase
alkali−water clusters. Our main goal here however is to
investigate the impact of hydration on the electronic properties
on the system.
3.2. Binding Energies and Bader Charges. In Table 2,

we see that upon hydration the charge transfer from the
adsorbed cluster to the Cu(111) surface gradually decreases in
a similar manner for all alkali systems, see also Figure 2
(circles). This is due to the gradual detachment of the alkali
atom from the surface as hydration number n increases; see
Figure 2 (crosses). Our Bader charge of 0.80 e of dry K on
Cu(111) is in excellent agreement with the value of 0.82 e
reported by Wang and co-workers.17 For the same system, we

also find that the Bader charges on the three nearest Cu atoms
underneath the K adatom are −0.13, −0.14, and −0.16 e,
which are quite similar to the values reported by Wang et al.
(−0.15 e), which evidence the rather localized effect of alkali
adatoms on the charge transfer. The Bader charge on the alkali
(qM) increases by ∼0.1 e from the dry to the fully wet case,
regardless of the nature of the alkali. Thus, upon hydration,
there is a net electron transfer from the Cu(111) slab to the
water molecules.
The last column of Table 2 shows the total binding energies

(Eb). These are defined as the energy of the separated and
optimized constituents minus that of the relaxed combined
system, Eb(n) = nEwater + ECu(111) + EM − Eall, where M denotes
the alkali atom and n = 0−6 is the number of water molecules.
Positive Eb indicates an energetically stable combined system.
The Eb of dry alkali on a clean Cu(111) surface increases going
down the alkali group. This is due to the more ionic character
of the M−Cu interaction, the lower ionization energy, and the
lower electronegativity of the heavier alkali. Upon hydration,
however, all the binding energies Eb become very similar for
the different alkalis as plotted in Figure 2 (squares). Few
calculated DFT values for the binding energies of alkalis on
Cu(111) are reported in the literature. Our value of 2.72 eV for
Cs on Cu(111) is not too far from the 2.45 eV DFT value
recently reported at coverage of 0.06 ML and was similar for all
different sites investigated (top, bridge, hollow).45 To the best
of our knowledge, no DFT binding energies were reported for
the hydrated alkali on Cu(111).
Now we focus our attention to the interaction water−ion

strength. To put the numbers in context, let us do a quick
estimate. The classical electrostatic interaction energy E
between a charge Q and a dipole μ along the radial direction
and separated by a distance r in vacuum (without image
charges/dipoles) is given by E = −Qμ/(4πϵ0r2). Using our
values for the monohydrated case (an alkali−water oxygen
average equilibrium distance (dM−O) from Table 1 and the
Bader charge on the alkali ion from Table 2) and the
experimental gas phase water dipole of μ = 1.85 D, we obtain
attractive interaction energies of E = 0.76, 0.58, and 0.46 eV,
which are about 29.2, 22.3, and 17.7 times the thermal energy
at room temperature (0.026 eV) for the Na, K, and Cs series,
respectively. This simple electrostatics argument easily explains
why the water orientation is locked even at room temperature
when approaching the alkali ion and predicts that the binding
energies of a single water molecule to alkali adatom decreases
down the group. These estimates agree qualitatively with our
DFT water binding energies (BE = Eb(n = 1) − Eb(n = 0) =
Ewater + ECu111−M − Eall) of 0.86, 0.84, and 0.79 eV for the
(monohydrated) Na, K, and Cs adatoms. We note that our
value of 0.84 eV for water on K on Cu(111) comes close to the
0.79 eV value reported by Wang et al. on the same system.17

Thus, the BE of a single water molecule to a preadsorbed alkali
atom on Cu(111) is ∼0.8 eV, which is almost twice the Eb of
water on clean Cu(111). This explains the preferential binding
of water to alkali adatoms first, and once alkali becomes fully
hydrated, direct adsorption of water on the slab becomes
competitive.
The Eb grows linearly as we increase the hydration number

per alkali as shown in Figure 2. For a coordination number of
about 4 waters around the alkali atom, in principle, there is the
possibility of hydrogen bonds between equatorial water
ligands. However, in our relaxed configurations, the water
molecules prefer to interact directly with the image charge on

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://dx.doi.org/10.1021/acs.jpcc.0c10061
J. Phys. Chem. C XXXX, XXX, XXX−XXX

F

pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.0c10061?ref=pdf


Cu(111) rather than with themselves. Taking the difference
between successive Eb values, ΔEb(n) = Eb(n) − Eb(n − 1), we
see that for hydration numbers n ≥ 4, wetting the Cu(111)
surface becomes competitive (not shown). Thus, to determine
the actual water coverage on Cu(111) in experiments, one has
to subtract the maximum number of waters bonded per alkali
atoms to the total water coverage: θw−Cu(111) = θtotal w −
nθM−Cu(111), where w means water, and n ∼ 4 or 5 is the typical
saturated hydration number of alkali metal M. Figure 2 shows
that coordination number n ∼ 4 waters mark an inflection
point for most quantities, indicating that alkali adatoms are
nearly saturated with water on Cu(111).
3.3. Thermal Desorption Spectroscopy (TDS). Here we

discuss the binding energies (BE) of water on alkali adatoms
adsorbed on Cu(111) in light of the TDS findings of ref 20.
In general, thermal desorption is described by an Arrhenius-

type equation known as the Polanyi−Wigner equation
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where r is the desorption rate (a positive quantity), ν is the
attempt frequency, s is the kinetic order (with typical values 0,
1, and 2), R is the gas constant, and Ed is the desorption
activation energy. In TDS experiments, a linear temperature
ramp T(t) = T(0) + βt is typically used, where β > 0 is the
heating rate (in K/s). Then eq 1 can be written as
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where the coverage θ usually decreases with an increase of T.
We apply now eq 2 to the desorption of water molecules

from the alkali adatoms. In the low water and alkali coverage
limit of our study, we can safely assume that ν and Ed are
independent of the coverage. According to classical transition
state theory,46 the water desorption prefactor ν = kBTe

ΔS/R/h
(h is the Planck’s constant and ΔS is the desorption entropy)
should be quite similar for the different alkali adatoms. It is
also reasonable to assume the same water desorption order s
for the different alkalis. We consider the limit of low water
exposure so that we neglect interactions between neighboring
water molecules on the same alkali adatom (n ≤ 4).
Following Redhead,47 we take the derivative with respect to

T of eq 2 and set it to zero to find the temperature of the
maximum desorption rate, Tm, in TDS experiments:
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where b = νsθs−1/(Rβ) is a positive parameter characteristic of
the alkali−water interaction with units of inverse energy. The
dimensionless quantity x = Ed/(RTm) is the ratio between the
two relevant energies in the process, and measures the
desorption activation energy Ed in units of the thermal energy
at the TDS peak position (RTm).
As mentioned before, it is reasonable to assume that the

desorption process of water from the different alkali adatoms
follows a similar kinetic order s. Moreover, the desorption of
water is expected to follow a first-order kinetics (s ∼ 1) in
whose case the dependence of b (and therefore of Tm) on the
water coverage θ is weak or negligible. This assumption rests
on the fact that, at low water coverage, we basically have

noninteracting and independent water molecules on each alkali
site, and the desorption process should be an elementary
dissociation step that follows a first-order kinetics.
If we apply eq 3 to two different alkali elements (xi = Ed,i/

RTm,i, with i = 1 and 2) under similar experimental conditions
and divide, we can eliminate the common b parameter
provided that the attempt frequencies ν1 and ν2 are similar
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which gives a nonlinear relation between the temperature of
desorption rate maximum (Tm,i) and the water desorption
activation energy (Ed,i) from alkali types i = 1 and 2. Equation
4 was expressed in terms of ratios for convenience because they
are better suited for comparison to experiments. The
experimental TDS peaks are rather broad, but the peak of
maximum rate occurs roughly at Tm ≈ 210, 200, and 175 K for
Na, K, and Cs, respectively.20

According to the Bell−Evans−Polanyi (BEP) principle,48,49
there is often a linear relationship between the activation
energy (Ea) and the reaction enthalpy (ΔH): Ea = I + γΔH,
where I is a constant, and γ is a parameter in [0, 1] that
determines the position of the transition state along the
reaction coordinate, assumed constant for the same class of
reactions. Taking the difference between two similar reactions,
we get ΔEa = γΔΔH, which allows us to cancel the common
factor I. Applying the BEP principle to the desorption process
of water from the alkali family, we have ΔEd = Ed,2 − Ed,1 =
γ(BE2 − BE1) = γΔBE; that is, the alkali with largest BE should
have the largest desorption activation energy, in our case
sodium. From the energetics in Table 2, we estimate the BE =
Eb(n = 1)-Eb(n = 0) = Ewater + ECu111−M − Eall of a single water
to the different alkali adatoms to be 0.86, 0.84, and 0.79 eV for
the series Na, K, and Cs, respectively. If ratio Ed,1/Ed,2 is similar
to the ratio of our calculated BE’s, (I + γBE1)/(I + γBE2), we
see that an increase in Tm correlates directly with the strength
of the alkali−water interaction.
As shown in Figure 3, we found an excellent linear

correlation between the experimentally measured Tm
20 and

Figure 3. Linear correlation between the experimentally measured
temperature for maximum desorption TDS peak (squares), Tm (K),
and our calculated binding energy, BE = Eb(n = 1) − Eb(n = 0) =
Ewater + ECu111−M − Eall (eV), of monohydrated alkali adatom on
Cu(111). Tm increases when going up the alkali group. The value of
Tm = 185 K for rubidium (red circle) is interpolated from the fit (solid
line) for a DFT value of BE = 0.81 eV.
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our calculated BE’s, which prompts us to linearize eq 4. To the
first order in the Taylor expansion of logarithms, ln(1 ± ϵ) ≈
± ϵ, we obtain
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where ΔT = Tm,1 − Tm,2 and ΔEd = Ed,1 − Ed,2. We refer the
reader to the Supporting Information for the detailed
derivation of eq 5. Using eq 5 in pairs with a common alkali
(in total, three different alkali systems) allows us to eliminate
unknowns. The general formula is like a linear interpolation
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where i = 1, 2, and 3 denotes three different alkali systems. For
example, considering the Cs:Na and Cs:K pairs with Cs as a
common alkali, we obtain an expression for the maximum rate
temperature of sodium
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which is able to reproduce the experimental value of Tm,Na =
210 K. Similar expressions can be obtained for K and Cs. Note
that in eq 6 or eq 7, we used the BEP principle (ΔEd = γΔBE
with γ ∼ 1) that allows us to replace differences in desorption
barriers (ΔEd) by differences in water binding energies, ΔBE.
The linear fit of Figure 3 (black line) yields an intercept of

0.44 eV and a slope of 0.002 eV/K. We carried out further
DFT slab calculations on monohydrated lithium and rubidium
adatoms on Cu(111), and we computed a water BE to Li and
Rb adatoms of 1.0 and 0.81 eV, respectively. We did not find
experimental TDS data on the solvated Li and Rb systems, but
from the fit, we predict that their corresponding TDS Tm
values are approximately 300 and 185 K (red circle),
respectively, see Figure 3. Therefore, we found that Tm is
directly proportional to the BE of the water to the alkali
adatom as suggested by eq 6.
The observation20 that the desorption high-temperature

peak increases along the sequence Cs, K, and Na can be also
rationalized in terms of standard hydration Gibbs free energies
of the corresponding cations in aqueous solution. Reference 50
reports that ΔG°hyd decreases (in absolute value) as we go
down the alkali group: −871.21, −797.49, and −749.94 kJ/mol
for Na+, K+, and Cs+ ions, respectively. This means that Cs+

cations can desolvate more readily than the Na+ ions. This is all
consistent with the lower BE of a single water on adsorbed Cs
than on Na adatoms and with the lower water desorption Tm
for Cs−H2O on Cu(111) measured in TDS experiments.20

3.4. Work Function and Differential Charge Analysis.
The calculated variation of work function Δw = wCu(111) − wall
is shown in Table 2 and in Figure 2. For the dry alkali adatoms,
Δw increases down the alkali group due to the lower
electronegativity of heavier alkaline metals. The smallest
value is for dry lithium on Cu(111) (not shown) with a
calculated Δw = 1.08 eV. The largest reduction is for Cs (Δw =
2.31 eV) due to the extended interfacial electronic density for
the longer Cu(111)−Cs distances at the interface even though
the transfer charge to the Cu(111) surface across different
alkali is similar. Our preliminary calculation on dry adsorbed
rubidium yields Δw = 2.20 eV, which is intermediate between
the K and Cs values, as expected. Upon hydration, the values

for Δw follow a linear trend for low water coverages and
reaches a minimum for all alkali at water saturation (n = 4); see
Figure 2 (solid lines).
We can also estimate the change in work function due to the

developed interfacial electric dipole upon adsorption using the
Helmholtz equation

μΔ = − ϵ ΔA
N

w0 (8)

where Δμ = μCu(111) − μall is change in normal electric dipole
moment relative to the clean Cu(111) surface, A is the xy
planar area, N is the number of adsorbates, and ϵ0 is the
vacuum permittivity. We note that in all of our systems, Δw >
0, which means that all work functions are smaller than the
calculated value of w = 4.79 eV of clean Cu(111) slab. The
minus sign in eq 8 is needed to guarantee that an increase in
upward μall results in a decrease of work function of the
substrate (i.e., Δw increases). Equation 8 is valid in our regime
of low coverages and negligible lateral interactions and
depolarization effects between nearby adsorbates, and it
establishes a linear relation between Δμ and Δw. Therefore,
eq 8 establishes a connection between the experimentally
measured change in work function (Δw) and the microscopic
orientation of the adsorbate dipoles at the interface given by
the normal component Δμ. The latter quantity can be easily
obtained from ab initio calculations. From DFT, Δμ =
∫ bulk
vac zΔλ(z) dz, where Δλ(z) = ∫Δρ(x, y, z) dx dy is the

planar average of the electronic charge density differential
Δρ(r) = ρall(r) − ρslab(r) − ρads(r), with the electronic density
of the isolated slab and adsorbates computed at the geometry
of the combined full system.51 In practical calculations, the
electronic charge density ρ > 0, and therefore Δλ(z) > 0(<0),
means electron accumulation (depletion) at z upon
adsorption.
The computed Δλ and z Δλ are shown by the black and

blue lines in Figure 4, respectively, for dry alkali on Cu(111).
For dry alkali, we have an interfacial dipole pointing upward
(with the positive charge farther from the surface) as can be
seen by the blue lines in Figure 4. The development of this
dipole reduces significantly the work function of Cu(111)
surface. For example, the value of Δw from eq 8 for the dry

Figure 4. Planar average of the electronic charge density difference
Δλ (e/Å, black lines). Positive (negative) values represent electron-
rich (poor) regions. Black lines were actually multiplied by 10 to make
them visible in the graph. The quantity z Δλ (e) and the work
function w (eV) along the normal direction are given by the blue and
red lines, respectively. The position of Cu layers is marked by the
vertical solid line. Na, K, and Cs adatoms are at z = 19.81, 20.20, and
20.45 Å, respectively.
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alkali on Cu(111) are 1.45, 2.08, and 2.305 V for Na, K, and
Cs, respectively, which are in excellent agreement with the
values listed in Table 2, which were obtained directly from the
electrostatic potential of DFT calculations.
Upon adsorption of alkali atoms on bare Cu(111), an

interfacial electric dipole pointing up develops that explains the
drastic reduction of the work function of the substrate. This is
illustrated by the black lines in Figure 4, which depicts the
accumulation of electronic charge at the interface and the
simultaneous development of electron depleted regions above
the alkali adatom, which is more pronounced for sodium, but
otherwise all plots are fairly similar. As depicted in Figure 1,
water molecules bound to the alkali adatom orient their dipoles
toward the surface (H’s atoms down). This results in a partial
cancellation of the upward interfacial dipole set up by the alkali
and leads to an increase in the work function (Δw reduces).
For all alkali atoms, a coordination of n ∼ 4 marks the point

at which the work function w hits its maximum for wet alkali
atoms on Cu(111). In the hydration series n = 0−4, each
additional water contributes to a fairly constant slope of Δw/
Δn = −0.31, −0.38, and −0.38 eV in the decrease of Δw for
Na, K, and Cs, respectively (see Figure 2). In 2PPE
experiments (see Figure 3 of ref 20), a maximum is observed
at about 0.5 BL in D2O coverage for submonolayer coverages
of Na and Cs. We interpret this as all alkali atoms adopting a
planar square geometry with water as ligands in the equatorial
plane and no water on the axial direction; see Figure 1. The
first dip in the work function starts for hydration number n ∼ 5
because the fifth water molecule goes to an axial position, with
the H’s (and therefore the dipole) pointing slightly upward,
which causes a reduction in w. Beyond hydration number n ∼
6, we start covering the Cu(111) with water molecules, some
of them with the dipole pointing upward, which further
reduces the work function.
To facilitate the comparison with the experimental data, we

define the quantity s = −ΔΔw/(θΔn) for each alkali metal,
which is just the variation in Δw with respect to the number of
water molecules (before saturation of the alkali adatom, n ∼
4), and normalized by the alkali coverage (θ = 0.0625, in our
case). This is the slope of the linear segment until the
maximum in −Δw in Figure 2 (solid lines). According to this
definition, the slope s has units of eV per water molecule and
per alkali adatom. From Figure 2 (solid lines), we obtain slopes
s = 4.9, 6.1, 6.0 eV for Na, K, and Cs, respectively. Thus, we
have a ratio Cs/Na of 1.22, which means that the hydrated
heavier alkali metal on Cu(111) achieves about 22% larger
reduction in Δw than hydrated Na, under the same alkali and
water coverage. From the work functions measured by 2PPE
experiments20 [see their Figure 3 (bottom panel)], we
extracted the following data: for 0.05 ML of Na, they report
a maximum Δw = 0.13 eV at 0.43 BL in water, whereas for
0.09 ML of Cs, they found a maximum at Δw = 0.33 eV at the
same water coverage. This means that hydrated Cs recovers
the work function of clean Cu(111) 32% quicker than Na
under the water coverage, which is not too far from our
calculated value of 22%.
Figure 5 (top) shows the spatial charge reorganization of the

electronic charge density Δρ(r) upon adsorption of alkali (M)
on Cu(111). We see accumulation of electron density (red
isosurfaces) at the interface M/Cu that concentrates on the
three Cu atoms underneath the alkali adatom,17,35 consistent
with a local partial charge donation from alkali to Cu(111).
The short-range perturbation of alkali adatoms on few metal

atoms underneath was also reported for Ag(111).52 The ionic
character of the Cu(111)−M is further confirmed by the
development of image charges below the top Cu surface at a
distance similar to the vertical distance ΔzCu(111)−M. Our
isosurface for dry K on Cu(111) is similar to the one reported
in Figure 2a of the paper by Wang and co-workers.17

Interestingly, an electron depletion region (blue isosurface)
is observed above the Na adatom but not on K and Cs, Figure
5 (top). We also observe electron-rich regions at the interfaces
M/water and water/Cu for monohydrated ions, Figure 5
(bottom), consistent with partial charge density donation from
M to water and the latter to Cu(111), respectively. In all cases,
the electronic density reorganization beyond the second Cu
layer becomes negligible which further justifies our approach of
freezing the coordinates of Cu slab below the top layer.

3.5. Density of Electronic States. Figure 6 shows that the
dry alkali atoms on Cu(111) feature a resonance at about 2.3
eV for Na and 2 eV for K and Cs (black lines) above the Fermi
level. This is consistent with the nearly complete transfer of the
s valence electron of the alkali to the Cu(111) surface.

Figure 5. Isosurface representation of the Δρ(r) (isosurface value =
0.002 au) of alkali on Cu(111). Top: Isolated alkali. Bottom:
Monohydrated alkali. Red (blue) regions represent accumulation
(depletion) of electronic density. Cu, H, O, and alkali atoms are
represented by the orange, white, green, and brown/silver spheres,
respectively.

Figure 6. Electronic density of states (DOS, in eV−1) projected on the
valence s orbital of the alkali atom (lower solid lines) and on all
valence orbitals of the water molecules (dashed lines, shifted vertically
for clarity). Black, blue, red, green, brown, violet lines, and cyan
represent, respectively, the 0−6 series of water molecules coordinated
to the alkali adatom. The maximum value of the vertical scale (DOS)
is 1.08, 1.41, and 1.23 eV−1 for the Na, K, and Cs s peaks, respectively.
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Therefore, in 2PPE experiments, the first photoexcitation
would create a transient neutral alkali atom at the equilibrium
Cu−M distance of the cationic state.
Upon hydration, we see that all alkali resonances are shifted

to higher energies due to the mixing with water states, which
also appear at higher energies (dashed lines). For mono-
hydrated cases, the first alkali resonance appears at about 2.8,
2.5, and 2.45 eV for Na, K, and Cs, respectively (blue lines).
We see that only after we reach a nearly hydrated Cs ion (n =
5, Cs becomes significantly detached from the Cu(111)
surface) do we recover the resonance at ∼2.5 eV (solid violet
line) for Cs, as observed in 2PPE experiments.
To better understand the origin of the shift in the σ* alkali

resonance, we artificially detached the alkali−water cluster
from the Cu(111) surface and computed the PDOS spectrum
(not shown), which reveals a return of the main alkali peak to
the original value of ∼2.5 eV. Thus, we conclude that the shift
in the alkali resonance is related to the hybridization with the
Cu(111) surface state. Fully hydrated Na and K clusters
feature an alkali resonances with onset at ∼2.7 eV and fully
developed peak at ∼2.9 eV (solid cyan lines), higher than the
2.5 eV value seen for Cs, which is in qualitative agreement with
2PPE experiments.20

In Figure 6 we see that water addition creates Kohn−Sham
(KS) electronic states whose orbital projection is distributed
among alkali and water orbitals. Specifically, all the KS states
that have a component on the alkali valence s orbital also have
a contribution on the water orbitals. This means that there are
no states that can be associated exclusively with the alkali s
valence orbitals only, without considering that (i) the charge is
spread prevalently on the water molecules and that (ii) water-
related states show up in the same energy range as coverage
increases. Of course, a more accurate description of the
electronic structure (via GW or hybrid DFT calculations)
would improve the position of the peaks and the agreement
with the 2PPE experiments, but it would reach the same
conclusions.
In summary, to finish our analysis of Figure 6, we conclude

that two phenomena show up concomitantly: (1) water
binding to alkali adatom creates states whose charge is no
longer exclusive of the alkali s valence orbital; and (2)
increasing the water coverage increases the availability of water
states in the same energy range where the alkali s orbital is
spread, such that the probability for the alkali to catch the
excited electron in 2PPE is diminished.
3.6. STM Simulations of Hydrated Alkali Adsorbates.

Figure 7 shows the simulated STM images for the hydrated
alkali ions on Cu(111) for low hydration numbers (n = 1−4).
The STM images for five and six waters are not shown because
they are dominated by the single axial water and convey little
information. We used a similar bias (30 meV) as Shiotari et
al.19 to facilitate the comparison with their results. Water
molecules appear as spherical blobs that are typically brighter
than the central alkali atom, which is devoid of its valence
electronic density due to the charge transfer. This effect is
more significant for the monohydrated alkali adatoms (Figure
7a), which is also consistent with the STM simulations by
Shiotari et al.;19 see their Figure 3g. In their experiments on the
monohydrated Na cluster on Cu(110), the water molecule
rotates almost freely even at 6 K, and their resulting STM
images have often a “shredded” appearance. Since the stepped
surface Cu(110) is more reactive than the Cu(111) surface,
the quasi-free azimuthal rotation of water about the alkali

adatom should be even more facilitated on our less reactive
Cu(111) surface. The rotational freedom about the central
alkali atom is quenched in going to the adsorbed dihydrated
cluster, Na(H2O)2, where their experimental STM images
feature a clearly static ellipsoidal shape at 6 K, which agrees
with the dumbbell shape of our Figure 7b. We remark that, for
dihydrated alkali, the moment of inertia doubles and the
rotational barrier should increase as well, which explains the
“frozen” appearance on the time scale of STM experiments.
Similar rotational dynamics quenching is expected as the
hydration level on the alkali increases. The STM simulations
for sodium and potassium clusters (Figure 7, parts c and e)
look rather similar, while for the trihydrated Cs adatom
(Figure 7f), we observe enhanced signal at the Cs position and
around, which we attribute to the more diffuse character of the
electronic orbitals of cesium.

3.7. Gas-Phase Dynamics of Water−Alkali Clusters. In
typical 2PPE experiments, an electron from the surface state of
the metal is injected into the unoccupied electronic states of
the adsorbates, rendering them momentarily neutral after the
first excitation. Since alkali atoms are directly bonded to the
Cu(111) surface, it provides an efficient channel for the
photoexcitation from the surface state electrons of the
substrate to the vacant s valence orbital of the alkali. The
water molecules, initially relaxed in the cationic cluster, are in a
nonequilibrium state and would relax by reorienting their
dipoles in response to this photoinduced neutralization of the
alkali adatom. Subsequent charge transfer from the neutral
alkali to bonded waters could occur, and the possibility of a
solvated electron emerges.
In 2PPE experiments, it was observed that lighter alkali atom

water clusters relax faster than heavier ones, with measured
stabilization rates of 2.1(2), 1.7(2), and 1.1(2) eV/ps for Na,
K, and Cs, respectively.20 In the Supporting Information, we
attempt to answer qualitatively these differences by simulating
the real time dynamics of a neutral water−alkali cluster in the
gas phase starting from the relaxed structure of the cation in
singlet spin state. The size of our slab systems precludes a full
ab initio molecular dynamics study in the electronic excited
state. Therefore, we carried out unthermostated real-time ab
initio molecular dynamics (MD) on gas-phase monohydrated

Figure 7. Simulated STM of hydrated alkali atoms on Cu(111):
sodium hydrated with a series of n = 1−4 water molecules (labeled as
a−d, respectively). Also shown are representative STM simulations
for K (e) and Cs (f) adatoms with three waters (the rest of the STM
images are similar). The actual positions of the water molecules are
indicated by the wireframe model on the bottom left corner of each
subfigure. The STM bias was 30 meV above the Fermi level.
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alkali atoms using a hybrid exchange correlation functional
(needed to allow for electron localization effects) and a flexible
enough basis set to accommodate the not so diffuse electronic
cloud of the cluster. See Supporting Information for the full
computational details of the these MD simulations. For each
alkali−water cluster, we follow the time evolution of several
relevant geometrical and electronic quantities relative to their
respective mean values; see Supporting Information for a full
discussion. There, we also propose a simple classical mechanics
model that qualitatively explains (with all the limitations of the
model) the relaxation rate trends observed in aforementioned
2PPE experiments.

4. CONCLUSIONS AND DISCUSSIONS
We investigated the structural, energetics, and electronic
properties of alkali atoms on Cu(111) with a varying number
of coordinated water molecules (n = 0−6). The system
features an interesting interplay of intermolecular interactions
including electrostatics (charge dipole, hydrogen bonding,
image dipole effects, polarization-induced dipole, etc.),
chemisorption, and van der Waals interactions. The alkali
atom exhibits a nearly complete ionization of its valence s
atomic orbital (∼0.8 e) regardless of the number of
coordinated water molecules. We found that water molecules
preferentially bind to the adsorbed alkali ion and gradually lift
the alkali adatom from the Cu(111) surface as the hydration
number increases, but keep their vertical separation from the
surface nearly constant. Concomitant to this decoupling of the
alkali adatom from the surface, we found a linear increase in
the work function of the substrate with the number of
coordinated water molecules at low coverages, in agreement
with 2PPE experiments,20 and a decrease of the charge transfer
to the Cu(111) slab. We found that the bond strength of alkali
to the water molecules mildly increases as we go up in the
alkaline group. We derived an expression that relates the water
desorption temperature with the adsorbed alkali−water
binding energy and applied it to experimental TDS temper-
atures and found an excellent correlation. Our work yields
detailed atomistic insight into the fundamental process of
solvation of alkali ions adsorbed on metal surfaces. This is of
industrial interest with vast applications in electrochemistry
(e.g., corrosion) and heterogeneous catalysis.
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