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1 Computational Details

In the present calculations, all geometric and electronic structures were calculated with

the optB86b-DFS1 functional as implemented in the Vienna ab initio simulation package

(VASP).S2 The single-point calculations of vdW-DF2S3 and SCANS4 were then carried out at

the optimized geometries of optB86b-DF. The calculated lattice constant of Cu was 3.627 Å

which is in good agreement with the experimental valueS5 of 3.6146 Å as well as previous

theoretical resultS6 of 3.623 Å. Three layers of (4
√

3 × 8) supercells of the Cu(111) slab
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with periodic boundary conditions were used for the Cu substrate. In the practical calcula-

tions, plane-wave basis sets with energy cutoff of 500 eV and the projector augmented-wave

pseudopotentialsS7,S8 were used for valence and core electrons, respectively. Enough vacuum

layer (larger than 20 Å) was added along the z axis in the supercell, and the dipole cor-

rectionS9,S10 was used to avoid the artificial interactions. To obtain the accurate force, the

wavefunction criteria was set to 1.0×10−8 eV and the projection operators are evaluated in

reciprocal space.

For the optimization, frequency, and molecular dynamic calculations, a 2×2×1 mesh of the

Monkhorst-Pack gridS11 was used for the k-point sampling, which generated 4 k points in

the irreducible Brillouin zone for the Brillouin zone integration. The Methfessel and Paxton

methodS12 was adopted for improving convergence of the electronic structure calculations,

and the total energies were extrapolated to 0 K. During the geometrical optimization, the

two bottom slab layers were fixed to mimic the Cu bulk, while all other atoms were allowed

to relax in all directions. The force criterion was set to 0.01 eV/Å. Based on the optimized

geometries, the central finite difference with displacement of 0.01 Å was used for frequency

calculations with all atoms of the substrate fixed. Based on the calculated frequency, the

quasi-RRHO approachS13 proposed by Grimme was used to calculated the Gibbs free energy.

For ab initio molecular dynamics simulations, the relaxation of all degrees of the freedom of

the topmost Cu(111) layer and the adsorbates was allowed. The Nosé algorithm was used to

construct the required canonical ensemble with temperature of 10 K. The time step was set

to 1.0 fs and the Nosé-mass was set to corresponding to period of 40 time steps. The total

time evolution of the molecular dynamic simulations was 300 fs. It is noted that even with

the inclusion of the van der Waals interaction, DFT-based simulations predicted melting

points of water were 360 − 325 KS14 that are 32% − 19% larger than the correct one of

273.15 K. Thus, to exclude the effects of the temperature difference between the simulations

and the real situations, we performed another AIMD simulation under the temperature of

13 K, which is the upper limit of 30% higher than that used in the experiments (Figure S5).
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In the present work, adsorption energy is calculated as

Eads = 6EH2O
+ ECu(111) − E(H2O)6/Cu(111) (S1)

where EH2O
, ECu(111), and E(H2O)6/Cu(111) are energies of the isolated water monomer, the

clean Cu(111) surface, and the adsorption complex, respectively. We note that Eads could

be further decomposed as

Eads = ∆Eint + ∆Edef
Cu(111) + ∆Ecoh

(H2O)6

where ∆Eint = Ei
Cu(111) + Ei

(H2O)6
− E(H2O)6/Cu(111) is the interaction energy between wa-

ter hexamer and Cu(111), ∆Edef
Cu(111) = ECu(111) − Ei

Cu(111) is the deformation energy of the

substrate, and ∆Ecoh
(H2O)6

= 6EH2O
− Ei

(H2O)6
is the cohesive energy of water hexamer. Here

the superscript “i” represents the extracted in-situ geometry from the adsorption complex.

Because of a negligible charge transfer between water hexamer and the inert substrate (Ta-

ble S1), it is most important to calibrate the energy of water cluster in order to have an

improved description of Eads. Hence, we have

Eads(H) = Eads +
(

∆Ecoh
(H2O)6

(H)−∆Ecoh
(H2O)6

)
(S2)

where ∆Ecoh
(H2O)6

(H) is the cohesive energy at a high level theory.

For high-level calibrations, the hybrid B3LYP-D3(BJ) calculations were preformed in con-

junction with a very large Gaussian-type basis set of aug-cc-pV5Z using the Gaussian suite

of programme.S15 The Q-Chem package was used to perform the calculations of ωB97X-

2.S16 We extrapolated the frozen-core ωB97X-2 results to the complete basis-set limit from

aug-cc-pVTZ and QZ, which was recommanded by the developers.S16 The calculations of

the doubly hybrid approximations of XYG3 and XYGJ-OS, as well as those of CCSD(T),

were forzen-core and performed using the FHI-aims package in the numerical atom-centered
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orbital (NAO) framework.S17,S18 The NAO basis set used for XYG3 and XYGJ-OS was

NAO-VCC-5Z,S19 while the CCSD(T) results were extrapolated to the complete basis-set

limit from NAO-VCC-4Z and 5Z.

Constant current scanning tunneling microscope (STM) images were calculated by the

Tersoff-Hamann approximationS20 that properly weights all the contributions from k-points

inside the bias window, i.e.,

I ∝
∫ +∞

−∞
[f (ε)− f (ε+ eV )] ρT (ε+ eV ) ρS (r0, ε) dε (S3)

where f is the Fermi-Dirac distribution function, ε is the energy level, V is the applied bias

voltage, and

ρT ∝ e−2
√

2κµR

ρS =
∑
v

|Ψv(r0)|2 δ (Ev − ε) .
(S4)

Here κµ and R are the workfunction and curvature of the tip, respectively, Ψv and Ev are the

eigenfunction and eigenvalue of the effective one-electron orbital of the sample, respectively.

It should be noted that the Tersoff-Hamann approximation works perfectly when the tip is

more than 5−6 Å above the sample.S21 As a rule of thumb, the tunneling resistance should be

larger than 10−100 MΩ.S21 This perquisite is fully fulfilled because the tunneling resistance

is around 1.8 × 103 MΩ as determined in the experiments (20 mV, 11 pA).S22 In piratical

calculations, to obtain the accurate electronic structure of the substrate and sufficiently

sample the relatively narrow bias window (20 mV) used in experiments, a 12 × 12 × 1

mesh of the Monkhorst-Pack gridS11 that generated 74 k-points in the irreducible Brillouin

zone and the tetrahedron method with Blöchl correctionsS7 were used. For tips with low

workfunction (Figure 1b in the main text), the isovalue of 7.0 × 10−6 e/Å3 was adopted,

meanwhile, for high workfunction tips (Figure 1c in the main text), 2.5 × 10−5 e/Å3 was

used to maintenance the same tunneling current. All calculated images were filtered by the
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Gaussian smoothing with bandwidth of 1 Å. In addition, an area with radius of 3.0 Å was

averagely integrated to mimic the low spatial resolution. The charge densities for Bader

charge analysisS23,S24 were calculated at the same level of the STM simulations.

2 The experimental STM images

2002(JCP) 2007(Nat. Mater.) 2016(ACS Nano)

Figure S1: Experimentally reported STM images of water hexamer adsorbed on Cu(111)
surface. Adapted from Ref. S25, S26, and S27, and (from left to right).

3 Some other configurations of adsorbed water hex-

amer

28.52(a) 3.41(b) (c) 3.21

Figure S2: Optimized structures of water hexamer with (a) the edge-shared triangle config-
uration and (b,c) the edge-shared rhombic configurations adsorbed on Cu(111). The values
represent their relative energies in kcal/mol with respect to the boat configuration.
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4 Calculated apparent height difference

+

×

7.09 Å

6.98 Å

(0.11 Å)

Figure S3: Calculated apparent height difference (the value in parentheses) among the petal-
like patterns from the boat configuration with a high workfunction tip. The maximum is
labeled as “+” and the minimum is labeled as “×”.

5 Other site projected wave functions
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Figure S4: Site projected wave function on water hexamer within the bias window in the
irreducible Brillouin zone for the chair (left) and the flat (right) configurations.
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6 Molecular dynamics simulations under 13 K
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é
Po

te
nt

ia
l/

kc
al

/m
ol

(b)

Figure S5: Calculated potential energies (black line) and the applied Nosé potentials along
the time after contacting the Nosé thermostat for the flat (a) and boat (b) configurations,
respectively. The temperature of the thermostat is set to 13 K. The representative geometries
at different times after contacting the thermostat are depicted as the insets in (a) and (b).
The Cu(111) surface is omitted in all present geometries for clarity.

7 Bader charge analysis

Table S1: Bader change analysis of water hexamer on Cu(111) surface with different con-
figurations (Conf.). The negligible charge transfer between water hexamer and the inert
substrate shown here allows the energy calibration as shown in Eq. S2.

Conf. chair boat flat
W1 0.0103 −0.0158 −0.0049
W2 −0.0075 −0.0064 −0.0141
W3 0.0113 0.0099 −0.0041
W4 −0.0077 −0.0159 −0.0039
W5 0.0094 −0.0060 −0.0150
W6 −0.0185 0.0104 0.0005
Sum −0.0027 −0.0238 −0.0415
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8 Calculated adsorption energies with other function-

als

Table S2: Calculated adsorption energies (in kcal/mol) of different water hexamer config-
urations at different theoretical levels. The most stable configurations are labeled in bold.
The values in parentheses are the relative adsorption energies with respect to those of the
chair configuration.

Theoretical Level chair boat flat
vdW-DF2a,b — — (-1.88) — (-3.83)
SCANa,b — — ( 0.04) — (-1.70)
XYG3c,d 76.82 77.01 (0.19) 76.85 ( 0.03)
ωB97X-2c,e 78.82 78.98 (0.16) 78.60 (-0.22)
a adsorption energy (Eq. S1)
b with plane wave basis sets
c water cluster calibrated adsorption energy (Eq. S2)
d with NAO-VCC-5Z
e extrapolated from aug-cc-pVTZ and QZ
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9 Calculated frequencies

Table S3: Calculated frequencies in cm−1 of water hexamer on Cu(111) surface with different
configurations.

No. chair boat flat No. chair boat flat
1 50.33 56.89 71.24ı 28 570.33 525.42 597.43
2 53.31 58.87 38.58ı 29 578.70 600.33 607.18
3 55.34 59.45 63.77 30 579.81 630.00 649.93
4 84.89 79.39 64.46 31 780.72 763.64 690.48
5 85.53 97.31 67.85 32 782.03 779.44 703.87
6 98.65 99.23 86.46 33 812.97 816.80 746.36
7 103.00 102.01 90.27 34 978.65 822.61 749.31
8 104.40 124.69 91.58 35 981.20 980.22 772.48
9 126.17 127.47 97.08 36 1010.11 994.84 792.38

10 145.04 129.33 101.01 37 1582.82 1581.53 1588.89
11 147.55 143.79 116.34 38 1591.50 1587.33 1590.11
12 153.67 144.68 140.08 39 1591.83 1596.63 1593.22
13 181.47 164.68 161.84 40 1619.84 1605.32 1594.54
14 205.33 194.69 210.57 41 1620.12 1623.37 1601.91
15 206.92 239.98 221.65 42 1635.14 1626.11 1606.08
16 316.69 275.92 243.25 43 2754.14 2743.00 3087.87
17 317.61 338.17 257.99 44 2796.87 2759.42 3122.55
18 331.27 342.61 302.74 45 2802.58 3113.86 3179.62
19 346.09 355.73 312.71 46 3293.10 3115.29 3208.03
20 346.85 369.16 334.10 47 3297.37 3339.76 3258.04
21 373.11 392.24 335.75 48 3299.64 3340.36 3269.22
22 416.82 395.39 350.19 49 3579.84 3561.92 3671.89
23 440.55 412.44 358.51 50 3580.45 3562.51 3672.67
24 440.75 421.41 379.17 51 3581.99 3671.74 3673.85
25 461.34 442.32 397.76 52 3668.88 3671.85 3674.59
26 493.33 482.84 481.43 53 3670.34 3673.17 3675.14
27 494.51 516.54 484.24 54 3670.62 3673.51 3676.53
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