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ABSTRACT The motion of D,0 monomers is investigated on a
NaCl(100) bilayer on Ag(111) between 42.3 and 52.3 K by scanning
tunneling microscopy. The diffusion distance histogram reveals a
squared diffusion lattice that agrees with the primitive unit cell of
the (100) surface. From the Arrhenius dependence, we derive the
diffusion energy, the pre-exponential factor, and the attempt
frequency. The mechanism of the motion is identified by comparison

of the experimental results to theoretical calculations. Via low
temperature adsorption site determination in connection with

density functional theory, we reveal an influence of the metallic support onto the intermediate state of the diffusive motion.
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nowledge about the kinetics of water
at surfaces is fundamental, because
water is one of the most important
substances in nature. Thereby, the water—
salt system, in particular NaCl, is of specific
interest because of its crucial role in areas
as diverse as biophysics," environmental
physics,>* and astrochemistry.>® For exam-
ple, the modeling of heterogeneous reac-
tions in both the troposphere and on
interstellar dust grains demands a detailed
knowledge of the adsorption properties of
water on salt. In addition, the diffusion of
water on salt surfaces (NaCl) plays a funda-
mental role in the initial stages of solvation.”
Though the interaction of water with NaCl is
well understood from a macroscopic ther-
modynamic point of view, only few experi-
ments have aimed at an understanding on
the microscopic scale. Previous experimen-
tal work has concentrated mainly on a water
coverage close to one complete layer, how-
ever, with controversial results.2~1°
Diffusion of individual water molecules
on NaCl has not been investigated experi-
mentally yet, so that all current knowledge
is based on DFT (density functional theory)
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calculations. Several groups agree that the
preferred adsorption site of water on NaCl
is close to the Na™ ion with the hydrogen
atoms pointing toward the Cl~ ion."'~'®
The reason for this adsorption site is that
the Na—O bond is the stronger bond and
the H—Cl bond gives only a minor contribu-
tion to the total adsorption energy. How-
ever, different orientations of the H atoms
were predicted: the H atoms point either
upward,"" downward,*™"> or are lying
flat.'> Only two groups have calculated
the diffusive motion of water molecules on
NaCl so far.>'® These calculations revealed
that a simple translational motion without
any changes in the molecule's orientation
is energetically unfavorable because of
the necessity to break all bonds.'® Instead,
the diffusion was predicted to consist of
several consecutive steps.'>'® Experimental
evidence proving the consecutive steps in
diffusion has not yet been obtained.

In this article, we present the first experi-
mental study of water diffusion on
NaCl(100) at the single molecule level.
We investigate the diffusion of D,O on bi-
layer high NaCl islands on Ag(111) between
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Figure 1. STM images of NaCl islands on Ag(111) with D,O monomers: (a) Overview image (502 mV, 30 pA, 5 K). (b) Detailed
image of the area marked in (a) with D,O monomers visible as protrusions on the NaCl island (502 mV, 30 pA, 5 K). (c) Atomic
resolution on NaCl (37 mV, 440 pA, 5 K). Primitive unit cell is indicated, schematic view of the NaCl(100) surface to scale with

STM image. Yellow bars mark Cl—Cl distances of bulk crystal.
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Figure 2. Diffusion of D,O monomer at 46.8 K. (a—d) Snapshot of a STM movie taken at At =100 s (image size 9 nm X 4 nm,
100 mV, 20 pA). Light circle marks position of molecule in first image. (e) Relative motion of the D,O monomer marked in
(a—d); note that positions from all 574 images of the movie are shown, not only those of the images a—d. (f) Diffusion length
histogram. (g) Einstein plot with Ad*= Ax* or Ay The linear fit yields D = (7.2 + 0.1)x 10> nm?/s.

42.3 and 52.3 K by scanning tunneling microscopy
(STM). We ensure that the motion is random and
determine the diffusion lattice as being squared, at a
lattice constant of (380 =+ 42) pm. This distance corre-
sponds to the distance between Na' ions. From an
Arrhenius plot, we derive a diffusion energy Ep of
(149 + 3) meV, a pre-exponential factor Dy of 1.5 x
10""*%2 nm?%/s, and an attempt frequency v, of 1.0 x
10'2*%2 Hz. Our results allow us to identify the rate
limiting process among the predicted ones.

RESULTS AND DISCUSSION

Figure 1a shows an overview image of mostly bilayer
high NaCl islands nucleated both on terraces and at
step edges. D,O diffusion is investigated on NaCl
islands that are situated on terraces (e.g., Figure 1b).
The lattice parameters of the islands are determined
from atomically resolved images as shown in Figure 1c.
Note that in atomically resolved STM images of NaCl
only the anions are imaged as protrusions.'” The lattice
constants of the primitive unit cell are (389 &+ 6) pm and
(383 + 7) pm in the two perpendicular directions, at an
angle of (90 £ 4)°. These values are in good agreement
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with those determined earlier.2'?%?® D,0 molecules
are imaged as protrusions (Figure 1b), at an apparent
height of (51 &= 5) pm and a full width half-maximum of

(0.86 £+ 0.11) nm.

We now follow the motion of individual water
molecules on NaCl by imaging the same spot of the
surface repeatedly. A series of images is called a movie.
Snapshots of such a STM movie are shown in
Figure 2a—d, recorded at 46.8 K. In order to follow
the motion of individual D,O molecules in such movies,
the center-of-mass of each molecule is determined via
a two-dimensional Gaussian fit. Defects (right-hand
side in Figure 2a—d) are used as markers to correct
for a (tiny) residual thermal drift during the measure-
ment. In order to minimize a possible influence of such
defects onto the motion, we include only those D,0
molecules in the analysis that are at least four nano-
meters separated from such defects and other defects
as island edges. The diffusion lattice is derived from
the relative motion of the D,O molecule (Figure 2e). Itis
quadratic. A statistical analysis reveals that the mole-
cule diffuses with equal probability in all four directions

of this lattice.
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Figure 3. Arrhenius plot for D,0O diffusion on NaCl(100).
The linear fit yields Ep = (149 £ 3) meV and Dy = 1.5 X
10""'%%2 nm?/s. The bar in x-direction marks the temperature
range within a movie. The y-error bar is the statistical error.

The diffusion length histogram reveals three
maxima (Figure 2f). The majority of the molecules are
imaged at their original position, after 100 s at 46.8 K,
leading to the main maximum at the origin. The maxi-
mum at (380 £ 42) pm corresponds to a motion of the
molecule between neighboring ions (cf. Figure 1c).
Finally, the maximum at (537 &+ 34) pm corresponds
to a motion to the next neighboring Na* ion. It thus
represents molecules that diffused at least two lattice
constants. Smaller diffusion distances between inequiva-
lentions ((1/2) - 380 pm = 190 pm) or between bridge sites
((1/(2)) - 380 pm = 269 pm) are not observed (Figure 2f).
We conclude that the molecules move between equiva-
lent ions on the primitive unit cell of NaCl(100).

Diffusivity of D,0 on NaCl/Ag(111). Before analyzing
the diffusivity, we have to ensure that the motion is
a random motion. For this aim, we derive the mean-
square distance of the diffusion for different time
intervals and check for a linear dependence. As ex-
emplified in Figure 2g this linear relationship is fulfilled.

We furthermore checked for a possible difference
in diffusivity in the two scanning directions x and y
as well as in the directions perpendicular and parallel
to the Moiré pattern. In both cases, the diffusivities are
identical within the error bars. Consequently, we may
use the Einstein relation

D = (Ad%)/(4At) m

with 0 = x or y to determine the molecule's diffusivity.
Now we plot the direction-independent dif-
fusivity D determined for different temperatures half-
logarithmically versus 1/kT (Figure 3). As expected for
an activated diffusion the data points follow a straight
line. The Arrhenius law describes the temperature
dependence of such an activated diffusion as'®

D = Do-e B/kD (2)

HEIDORN ET AL.

+

a) c d)

(@) (@) g) (@) (@) )O (&) o~
O O O O O O O O @@

g 0 R O oie0 @4 R
O O O 0«0

(&) (@) (@) (@) (@) (®) (@) (@)
50 meV 82 meV 145 meV 166 meV

Na

Figure 4. Top view of diffusion processes, adapted from the
literature.”>'® (a) OH-flip, (b) parallel rotation, (c) O-flip, (d)
higher O-flip. For details, see text. Small blue circles corre-
spond to Na™, large green circles correspond to CI-, red
circles correspond to O atoms, and white circles correspond
to H atoms.

with Ep the activation or diffusion energy, T the tem-
perature, k the Boltzmann constant, and D, the pre-
exponential factor. In the case of two-dimensional
single particle surface diffusion on a quadratic lattice,
the pre-exponential factor Dy is given by'®

Do = IZ Yo -eASD/k (3)

with / the diffusion length or lattice constant of the
diffusion lattice and v, the attempt frequency. ASp is
the entropy difference between ground state and
transition state during the diffusive motion.

The Arrhenius plot covers 4 orders of magnitude
from 103 t0 107 nm? s~ ' (Figure 3). This allows us to
determine not only the diffusion energy Ep, but also
the pre-exponential factor Dy with high precision. The
linear fit yields a diffusion energy of (149 + 3) meV and
a pre-exponential factor of 1.5 x 10""*%2 nm?/s. Via
eq 3, we calculate v-e**%= 1.0 x 10'?%%2 Hz. This
value is within the expected range for surface diffusion
of the attempt frequency vo & 10" "> Hz."® It implies
that only one degree of freedom, the frustrated trans-
lational vibration, is suppressed in the transition state.
This result points to a simple hopping mechanism of
the diffusion of D,0 on NaCl/Ag(111) similar to the one
of atomic diffusion.

Interpretation of the Motion and Comparison to Theory.
Having determined the diffusive lattice, the energy
of motion, and the prefactor, we now compare these
values to those calculated for different types of
motion'>'% in order to identify the most relevant ones.
From the six calculated diffusion processes, two pro-
cesses are not relevant. The so-called H-flip'® has not
been confirmed in a later study.'® The parallel transla-
tion has, at 312 meV,'> a much higher diffusion energy
than determined here.

The remaining four processes can be classified into
two categories. One category leads to a reorientation
of the water molecule at the same Na™ ion, not causing
any large-scale mass transport itself (reorientation,
in-cell motion, Figure 4a,b). During the OH-flip the
molecule pivots by 180° around one of its OH-bonds
(Ep = 50 meV, Figure 4a); during the parallel rotation
the molecule rotates around a Na™ ion (Ep = 82 meV,
Figure 4b).
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The other category leads to a motion from one Na™
ion to a neighboring Na™ ion (translation, out-of-cell
motion, Figure 4c,d). During the O-flip the oxygen
atom of the water rotates 180° around the axis formed
by its two H-bonds, thus keeping the H-bonds pointing
to the same CI™ ions (Ep = 145 meV, Figure 4c); during
the higher O-flip the molecule keeps only one of its
H bonds to the CI™ ion (Ep = 166 meV, Figure 4d).

The in-cell motions involve the breaking of one or
both of the weaker H—Cl bonds and are therefore
energetically preferred over the out-of-cell motion,
during which the stronger Na—O is broken. However,
at least one of the latter processes must be activated
during the motion as in-cell motions alone cannot lead
to a diffusive motion with large-scale mass transport.

The direction of motion is the same for both out-of-
cell motions, but the distance differs, by which the
center-of-mass of the molecule moves. Using the
here determined lattice constant for bilayer NaCl of
(386 =+ 3) pm, the expected distance is (220 + 3) pm for
the O-flip, and (386 + 3) pm for the higher O-flip.

There is some agreement to our experimental
results, but none of the processes fits completely.
While the higher O-flip has the diffusion length as
observed in the diffusion histogram, the determined
diffusion energy of (149 + 3) meV is closest to the
calculated diffusion energy of 145 meV of the O-flip.'®
The latter process should dominate because of its
lower diffusion energy. Furthermore, the hopping rate
of Trneas = 3.1 x 10"2*%2 Hz for 298 K as extrapolated
from the Arrhenius plot agrees well with the one
calculated for the O-flip in theory of I'theory = 2.9 X
102 Hz at 298 K."®

Is it possible that we observe a larger distance than
predicted theoretically? Noteworthy, a combination
with one of the in-cell motions is mandatory for
performing a large scale motion via the O-flip. Already
at the lowest temperature, at which diffusion is ob-
servable on the time scale of the measurement (42.3 K),
OH-flip and parallel rotation have rates of 1.1 x 10” Hz
and 1.7 x 10° Hz, respectively. They thus happen
frequently during the imaging time of a single mole-
cule of approximately 2—3 s and are much too fast to
be resolved.

This conclusion is supported by low temperature
adsorption site determination. As the molecule cannot
be imaged simultaneously with atomic resolution, we
change the tunneling parameters on an image such
that in the upper and lower part atomic resolution is
achieved, but the molecules are imaged unperturbed
in the middle of the image. The atomic lattice is then
extended to this middle part and by this the relative
position with respect to the sodium cation is deter-
mined. A multitude of adsorptions sites is obtained
(Figure 5). All of them lie on a circle (140 £+ 40) pm
off the Na'-on-top site. Within this circle there is
no specific orientation indicative of a very shallow
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Figure 5. Adsorption sites measured at 5 K with respect to
sodium ion; all molecules lie on a circle, at (140 + 40) pm.

energy landscape for rotation of the molecule around
the Na* ion.

The STM image at diffusion temperature thus
represents the average over all possible rotational
orientations. Consequently, we observe indeed a larger
center-of-mass motion than predicted theoretically for
the O-flip. We thus conclude that the O-flip in combi-
nation with the in-cell motions is responsible for the
observed diffusion.

Though Figure 5 clarifies the diffusion data, it poses
novel questions with respect to the adsorption site of
water on the NaCl layer. Water monomers were cal-
culated to be adsorbed slightly off the sodium site
with the hydrogen atoms pointing toward the chlorine
jons.'>'® However, the potential energy surface is too
corrugated to be consistent with the quasi-free rota-
tion observed here. Different origins are possible. Tip
effects can be safely excluded as the data is measured
with different tips and positions within different quad-
rants of the plot are observed with the same tip.
We thus concentrate on the differences between our
measurement and the published calculations. These
are 3-fold. First, we adsorb the water on a NaCl bilayer,
while the calculation models bulk water. Second,
the bilayer is adsorbed on a metal surface. Third, the
calculated adsorption sites are calculated for 0.25 ML of
water and not for single molecules. In fact, our present
calculation find all differences to influence the water
adsorption, the first one the total adsorption energy
and the two latter once the relative adsorption ener-
gies between different water orientations.

We first compare the adsorption energies and
adsorptions sites for 0.25 ML on NaCl layers of thick-
nesses ranging from 2 layers to 5 layers. The adsorp-
tion energies as shown in Table 1 are calculated with
different functionals. The adsorption energy (E.qgs)
keeps constant with the number of layers for PBE, in
which van-der-Waals corrections are not considered.
However, for any other functional, which takes
van-der-Waals interactions into account, E,4s increases
with the number of layers as a consequence of the
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long-range interactions. The increase of stability be-
comes constant, rising approximately 40 meV per
added NaCl layer. The adsorption geometries, however,
remain quite similar independent of slab thickness.
Thus, the layer thickness is important, but it alone is
not sufficient to explain the deviation in adsorption site.

This is different for single adsorbed molecules on a
supported NaCl layer. Figure 6a,b shows several possi-
ble adsorption sites for a layer thickness of one and two
layers, respectively. Table 2 lists adsorption energies
annd the lateral displacements Ax and Ay of the
oxygen atom of the water molecule from the Na ion
underneath on a perfect NaCl lattice. Note that for one
NaCl layer on Ag(111) not only the molecule is dis-
placed during relaxation but the Na ion underneath
the water is also slightly displaced from the perfect
lattice position. For the one layer slab, the energy
difference between the different sites is of the order
of a few meV only (Table 2). These differences are so
small that the first (i) and the third (iii) geometry can be
considered to be degenerate in energy, and so one
could consider that the water molecule may remain on
this system either as symmetric planar molecule or as
displaced and tilted molecules. Thus, the Ag(111) sub-
strate underneath is affecting significantly the water
adsorption. For the NaCl bilayer, the energy difference
is of the order of 20 meV between the most stable

TABLE 1. Adsorption Energies in meV for 0.25 ML Water
on Free Standing NaCl(100)

functional 2 layers 3 layers 4 layers 5 layers
PBE 388.9 384.5 387.5 387.5
optPBE-vdW 345.5 3715 408.5 4457
optPB86-vdW 347.2 385.5 4239 460.3
optPB88-vdW 342.6 3744 4173 457.4

configuration and the one following in stability, i.e., the
one in which the molecule is symmetrically placed and
quasi planar with respect to the surface and the one in
which the water molecule remains tilted and hydrogen
bonded to only one Clion. Thus, two layers of NaCl screen
the water interaction with the Ag substrate underneath
better than only one NaCl layer. However, the differences
between the adsorption energies are still small and
confirm a rather shallow potential for the molecule
around the sodium site, which can be overcome easily
at the temperature of diffusion. An influence of the
substrate onto water adsorption geometries on a NaCl
layer was likewise calculated recently for Au(111), though
in this study no deviation from the on-top site was found
and the resulting geometry differed from ours.'

We conclude that though the electronic bulk prop-
erties of NaCl are already reached at bilayer thickness,
the underlying metal still influences molecules ad-
sorbed on it, here the adsorption site.

CONCLUSION

In conclusion, the diffusion of water on NaCl was
investigated in real space. This represents the first

TABLE 2. Adsorption Energies and Geometrical Position
of Structures Shown in Figure 6°

layer thickness E,45 (meV) Ax (pm) Ay (pm) structure

one layer 547.0 60.4 146.0 (i)
542.5 43.6 1813 (i)
5514 9.9 97.5 (iii)

two layers 3355 0.0 0.0 (i)
3144 0.0 0.0 (i)
3435 3.5 524 (iii)
363.3 0.0 744 (iv)

“ Ax and Ay correspond to the displacement of the oxygen atom of the water
molecule from the Na ion undemeath on a perfect NaCl lattice.

Figure 6. Adsorption geometries for single water molecule on (a) single NaCl layer on Ag(111) and (b) double NaCl layer on

Ag(111). For energies and position values, see Table 2.
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real-space diffusion study of a dipolar molecule on
an ionic surface. The monomers diffuse on a squared
diffusion lattice consistent with the primitive unit cell
of NaCl(100). The motion consists of two consecutive
processes, an out-of-cell motion that determines the
diffusion energy of (149 + 3) meV and a frequent

METHODS

STM measurements are performed with a low-temperature
STM under ultrahigh vacuum (UHV) conditions (base pressure
2 x 10" '"" mbar) at 5 K.2° Ag(111) is cleaned by repeated cycles
of Ne™ sputtering and annealing. The sputtering is performed
at a partial neon pressure of 3 x 107> mbar for 30 min at
a sputtering current of 2 4A and an acceleration voltage of
1.3 keV. The sample is annealed for 30 min at 900 K. NaCl is
evaporated from a Mo-crucible heated by electron bombard-
ment with a rate of 0.02 monolayers/min. The sample is held
during deposition at in between 292 and 305 K resulting in
crystalline NaCl islands that grow mostly as (100) terminated
bilayers.2'?2 The side length of the islands ranges from 28 to
35 nm.

D,0 of milli-Q quality is further cleaned in vacuum by
freeze—thaw cycles. The chamber is flooded with D,0O prior to
deposition in order to minimize the amount of H,O resulting
from the exchange reaction at the chamber walls. DO is
deposited onto the sample positioned in the cold shields of
the STM, at a deposition rate of 0.01 molecules/(nm?s). During
deposition, the sample surface temperature is held below 11 K,
which is far below the diffusion temperature. D,O adsorbs on
NaCl nondissociatively.”>** A low coverage of 0.03 ML ensures
that the D,0 is adsorbed as monomers.

STM images are taken in constant current mode. A brighter
contrast implies a retraction of the tip from the sample. For a
real-time tracking of the molecules, we scan the same spot of
the surface repeatedly at regular time intervals between 62 and
180 s as established before.”® Such movies are recorded at
temperatures between 42.3 and 52.3 K. In total, 173 molecules
were tracked yielding 81 000 data points.

Atomic resolution images were recorded at voltages between
16 and 100 mV. Largerimages (overview images) are recorded at
voltages up to 502 mV. The voltage used in the movies is 100 mV,
and the tunneling current ranges from 20 to 30 pA. We checked
for a possible influence of the scanning process on the diffusivity
following a procedure developed earlier?” Most importantly,
we compare diffusivities determined from two movies recorded
at equivalent temperature and image acquisition time, but at
different time intervals. This procedure changes the tip—sample
interaction time, here by a factor of 6. The determined diffusivi-
ties are identical within the statistical error. The scanning process
has thus no measurable influence on the diffusivity.

Density functional theory (DFT) has been applied to study the
most favorable configuration for the adsorption of water at the
submonolayer region (0.25 ML) on a thin slab of NaCl(100) and
its dependence on the thickness of the NaCl slab, starting from
two layers up to five. We use different approximations: PBE (not
including van-der-Waals corrections)®® and some of the new
van-der-Waals functionals implemented in VASP: optPBE-vdW,
optB86-vdW and optB88-vdW.2>* The lattice constant is always
set to the correct value for each functional. We used a plane-wave
cutoff of 400 eV and a K-point sampling 7 x 7 x 1 Monkhorst-pack
for the smallest cells, after checking the good convergence of
relative values with 15 x 15 x 1 Monkhorst-pack K-point sam-
pling. The force criteria are ionic forces below 0.01 eV/atom and
the electronic criterion is df = 10, In order to keep consistency,
adsorption dependence on the NaCl thickness (from two to five
layers) has been calculated by fixing all atoms except the top NaCl
layer and the water molecule during relaxation.

To investigate the adsorption of a single water monomer on
NaCl(001)/Ag(111), we relax one and two layers of NaCl(001)-
(5 x 5) cell on three layers of Ag(111)-(7 x 4./3), after having
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reorientation around a shallow potential at (140 +
40) pm distance from the sodium ion. The latter in-cell
motion is altered by the metallic support as compared
to diffusion on bulk NaCl. We suggest that layer
thickness can be used to influence molecules, their
diffusion, and consequently their reaction kinetics.

checked consistency by using five layers of Ag(111). The results
presented in Table 2 correspond to optB88-vdW functional.
Results were checked using PBE functional and although rela-
tive values changed depending on including van-der-Waals
corrections or not, the general conclusions remained unaf-
fected. The lattice constant mismatch is small, at an extension
of the NaCl lattice parameter always below 2%. Because of the
large number of atoms for all systems (221 and 271 atoms
for one and two NaCl layers on 3 layers of Ag(111) respectively),
the two bottom layers of Ag(111) are fixed during relaxation
allowing the rest of atoms to relax, and the used number of
K-points are set to Monkhorst—Pack 1 x 1 x 1 for all calculations
on these large supercell.

The calculation are performed with H,O instead of D,O to
make calculations less expensive. Isotope effects do not com-
promise at all the comparison between experiments and theory
as already checked in previous calculations of water diffusion on
NaCl(100)."> These calculations confirmed that water adsorp-
tion and energy barriers for diffusion are independent from
using light or heavy water. Uniquely the diffusion coefficients,
calculated following the Arrhenius's law, will change since they
scale linearly with the molecule mass. This change is constant
for all diffusion processes by comparing H,0/D,0, and there-
fore, the conclusions remained unaffected.
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