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Supplementary Note 1: Fuzzy features of H,O at the step

The water molecules at the step showed a fuzzy feature in the STM topography despite
the higher adsorption energy of the molecule at the step than on the terrace. The DFT
calculations show that the water molecule is not located exactly at the top of Na* site but
slightly shifted from a Na" site. There are two local energy minimums at the step (state 3 and
19 in Supplementary Fig. 5). The energy barrier between the minimums is about 43.6 meV. The
fuzzy feature at the step is attributed to continuous switching between two configurations (state

3 « state 19).

Supplementary Note 2: Direct extraction of CI” ions

There have been some reports regarding direct extraction of CI™ ions using STM tip'-
3. In this study, we tried to minimize other factors that could affect the dissolution process, as
our major goal was to extract single ions by manipulating water molecules. In order to
investigate the role of a water molecule in the selective dissolution, we tried transferring CI
ions from NaCl surface to the STM tip'~, which was impossible on Ag(100) even with severe
tunnelling conditions (Vs =5 mV, It = 3.0 to 5.0 nA). From the NaCl films on ‘Au(111)’ or
‘Cu(111)’, however, we could extract ions by applying a voltage pulse!. It means that a water

molecule plays an important role in the dissolution reaction of NaCl films in our results.

Supplementary Note 3: Identifying the type of vacancy at the step

Na" ions of NaCl surface are invisible in STM mode due to its low density of state. In
recent works by Jiang’s group>, a single vacancy is observable as a depression at a Na* site.
As we did not see any depressions or vacancies at Na' sites, we confirmed that there is no
dissolved Na" ion during the manipulation. If a NaCl pair is removed from the step, the shape
of vacancy should be asymmetric; however, our result showed that the vacancy has a symmetric
feature at the CI site (Fig. 5d). We simulated the STM images of the possible vacancies at the
step (Na’, CI” and NaCl pair) using DFT calculations (Supplementary Fig. 8). The symmetric
feature of the vacancy in Fig. 5d agrees well with the symmetric shape of a single C1”~ vacancy

in the simulated image, which supports the preferential dissolution by a single water molecule.
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Supplementary Fig. 1 | Quantitative analysis of the lateral manipulation. a, Averaged
amplitudes of tip height profiles. b, Averaged angles from tip height profiles. These data were
derived from the manipulation profiles. Tunnelling current was 240 and 80 pA at positive and
negative bias voltages, respectively. Each data was averaged over at least eight trials. The
amplitude along the non-polar direction is lowered than that along the polar direction, while
the angle along the non-polar direction is higher than that along the polar direction. The error

bars indicate the standard deviation.
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Supplementary Fig. 2 | Determination of the tip-Ag surface distance. a, Conductance
versus tip height derived from /-z spectroscopy on the Ag surface (Vs = 350 mV, I; = 50 pA).
G is the quantization conductance, 2e/h with the electron charge e and Planck constant h. The
black line is an extrapolated line from the least-squares fitting of the data (blue squares). The
line extends to the contact point where the tip approached the surface at 786 pm. b, Height
scheme of a single water molecule on the 3 ML NaCl film. za, and znaci represent the tip height

on the Ag substrate and the NaCl film, respectively. Aznaci and Azwacer are the apparent heights
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of the film and the molecule, respectively. dnaci is the physical height of the film.
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Supplementary Fig. 3 | Effect of tip with various currents on lateral manipulation. a,
Averaged amplitudes of tip height profiles measured from polar direction with various current
at the bias voltage of 350 mV. b, Averaged angles obtained from tip height profiles. Each point

was averaged over at least fifteen trials. The error bars indicate the standard deviation.
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Supplementary Fig. 4 | Effect of tip on lateral manipulation. a, Fiy/FYy as a function of

r. b, Forces along the polar and non-polar directions. ¢, Energy barriers of the polar and non-

polar directions. Dashed lines in b and ¢ are threshold frictional forces and energy barriers

without the presence of tip. Blue areas show the range of tip-molecule distance where the

present lateral manipulations were performed.
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Supplementary Fig. 5 | Lateral manipulation of a single water molecule at a step. a, Two
water molecules at the step edge before manipulation (Vs = —350 mV and /; = 50 pA). b, The
water molecule moved along the arrow. Scale bars in a and b represent 0.5 nm. The
displacement was 0.564 nm. ¢, Representative optimized molecular configurations along the

non-polar step calculated by DFT. d, Energy profile of the water molecule along the step edge.



c
- l

Supplementary Fig. 6 | Recovery of CI” vacancy with the extracted anion. a, A single water
molecule at the step before manipulation. b, After manipulation, the anion was extracted and
adsorbed near the vacancy with the water molecule. ¢, Manipulation of the anion into the
vacancy. Scale bars in a—c represent 1 nm. All images were taken under Vs =-350 mV and /; =
50 pA. Sequential images show that the depression was the CI™ vacancy, not the dissociated

species of a water molecule.
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Supplementary Fig. 7 | Consecutive manipulations for selective dissolution in Fig. 5d. a,
STM image of the 2 ML/3 ML interface with water molecules (Vs =—-300 mV and I; = 50 pA).
b, Adsorption of two water molecules from a water dimer at the step (Vs = —350 mV and It =
50 pA). c—e, Consecutive manipulations of a single water molecule at the step (Vs =—-350 mV
and Iy = 50 pA). f, Manipulation of the molecule along the red arrow (Vs = -350 mV and I; =
50 pA). g, STM image after manipulation (Vs = 400 mV and It = 50 pA). Two new fuzzy
features appeared in a symmetric configuration at the location of molecular manipulation. As
the left water molecule was not dissociated during the manipulation, it was desorbed by
applying a 600—meV tunnelling electron. h, Successive applying a bias voltage to the right
water molecule (Vs =400 mV and It = 50 pA). i, STM image of a single CI" vacancy (Vs = 400
mV and It = 50 pA). The extracted ClI~ disappeared after the manipulation. j, High-resolution
STM image of i (Vs =400 mV, It =500 pA). Scale bars in a—j represent 1 nm.
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Supplementary Fig. 8 | Simulated STM images of perfect NaCl step edge and the step
edge with different type of defects. a, Simulated STM image of intact NaCl surface with two
parallel step edges (top) and the corresponding atomic model (bottom). b, Simulated STM
image of a Na vacancy on the step edge (top) and the corresponding atomic model (bottom). c,
Simulated STM image of a Cl vacancy on the step edge (top) and the corresponding atomic
model (bottom). d, Simulated STM image of a NaCl pair vacancy on the step edge (top) and
the corresponding atomic model (bottom). In c, the symmetric structure of a single Cl vacancy

matches the experimental STM image in Fig. 5d.
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