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Figure S1. Conductance histograms of water molecules at high humidity levels and liquid water,
and the conductance histograms in the regime above 0.1 G,. Related to Figure 2B. (A)
Conductance histograms at a relative humidity of 67%, 78%, and liquid water. No peaks show up at these
high humidity levels and in liquid water. (B) Conductance histogram in the regime above 0.1 Gy on a
logarithm scale under different humidity levels, clearly showing the 1 G, peak and the HC peak. No
pronounced peaks were observed near the previously reported conductance values, indicating the
importance of temperature, humidity, and electrode material in the formation of water junctions. (C)
conductance histogram in the regime above 0.1 G, on a linear scale under different humidity levels,
clearly showing the 1 G, peak. Note that the HC peak at ~0.02 Gy is buried in the background, limited by
the resolution on the linear scale x-axis.
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Figure S2. IR spectra of water adsorbed on a gold surface. Related to Figure 1B. The IR absorption
(intensity) at the water stretching vibration frequency (3000-3700 cm™, marked as blue area) is plotted in
Figure 1B. The absorption at around 1550-1800 cm™ is due to O-H bending. Each experiment was
repeated at least three times. Based on the surface selection rule of RAIRS on metal surfaces, it is known
that PM-RAIRS detects dipole components of adsorbate in the surface normal direction only; the surface
parallel component cannot be detected due to the image charge screening. Thus, the extremely low PM-
RAIRS intensity of water species at RH < ~15% indicates that isolated water molecules are in the parallel
orientation as shown in Figure 2C. Considering the conductance data and DFT calculations, this
corresponds to the configuration of water molecules in regime | in the absence of strong electric field
applied by the STM tip (Figure 3D); when the water molecule with a strong dipole is subject to the electric
field gradient, then the isolated molecule can rearrange to the perpendicular orientation (as shown in
Figure 3D) which is responsible for the LC state shown in Figure 2A and 2B. The field induced re-
orientation of the isolated water molecule is schematically illustrated in Figure 3F. When a full monolayer
is formed on gold at RH > ~15% (regime Il), then intermolecular hydrogen bonding interactions form a
network consisting of both parallel and perpendicular orientations of water molecules (as shown in Figure
2E with a hexamer model). The hydrogen bonding interactions with neighboring molecules hinder the
water molecules with the parallel orientation from transition to the perpendicular orientation; thus, the HC
state becomes significant in regime Il. In regime Il (RH > ~45% ), multiple water layers start to form on
the gold surface.
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Figure S3. Two-water molecule junctions. Related to Figure 1D. Conductance value at the twice of
the lowest peak value is a signature of single molecular junctions for the break junction techniques.
Isolated water molecules with different orientations are possible in the junctions, but those corresponding
to LC and HC states are the most stable configurations (according to the calculation). This gives rise to
three possible configurations involving two water molecules: both molecules are in LC (a), both in HC (c),
and one in LC and one in HC (b), and the corresponding values are 2xLC, 2xHC and HC (because HC
has a much higher conductance). However, the peaks in the conductance histograms are broad, which
could be partially due to some variations in orientations and binding geometries.
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Figure S4. Conductance histograms in vacuum, pure nitrogen gas, and under the relative humidity
of 38%. Related to Figure 1D. Conductance histograms in ultra-high vacuum (UHV, red) and nitrogen
(blue) do not give any pronounced peaks. Conductance histogram at relative humidity of 38% is shown
here as a comparison (black). The y-axis is shifted for better visualization. The control experiments
confirmed that the peaks in conductance histogram under water vapor were due to water molecules.
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Figure S5. Conductance histogram of water molecules at different low humidity levels. Related to
Figure 2B. Peaks for the low conductance (LC) and high conductance (HC) states are marked with red
and blue dashed lines. The peak positions barely change as the humidity increases.
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Figure S6. Current-Voltage (I-V) measurements for both the low conductance (LC) and high
conductance (HC) states with different bias polarities. Related to Figure 3A-C. (A) Conductance vs.
distance traces, each showing a plateau that corresponds to the formation of a water molecule junction in
the LC state. The arrows mark the locations where the tip was fixed in position and voltage sweeping
started (the blue trace starts from a LCx2 state). (B) Representative |-V curves of the LC and LCx2
states. Both give a nonlinear but monotonically increasing I-V signature. The current of LCx2 state
reaches the saturation level of the amplifier at high bias voltages. In ~70% of the I-V curve measurement
attempts, the current dropped abruptly to the noise level, which was due to the breakdown of the
molecular junctions. (C) 2D conductance-voltage (G-V) histogram for the LC state constructed from
thousands of |-V curves shows LC and LCx2 bands, where the white dashed line marks the current
saturation level of the amplifier. (D) 2D G-V histogram of LC and LCx2 states measured with lower
current amplification to avoid the saturation at high bias voltage confirms the observation in (C). (E) 2D G-
V histogram of LC and LCx2 states with the lower amplification but in the positive bias voltage direction
also shows a slightly increasing G-V characteristic. Panel (C), (D) and (E) confirm that the LC state is
stable without switching upon increasing the bias to 2V. (F) 2D G-V histogram of HC and HCx2 states in
the negative bias voltage direction shows the switching from the HC to the LC state, consistent with
Figure 3C, where the white dashed line marks the current saturation level of the amplifier. These results
show that a high bias voltage induces conductance switching from the HC state to the LC state only, and
the switching does not depend on the bias voltage polarity.
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Figure S7. Schematic diagrams showing a water molecule (represented with a dipole) in different
orientations under an electric field. Related to Figure 3D. Notice that the x-axis is always defined as
the direction along the water dipole and the z-axis is defined as the perpendicular direction to the water
molecular plane. (A) The perpendicular orientation under a large electric field. (B) The parallel orientation
under a large electric field. The total dipole can be divided into two orthogonal components, where the
direction along the x-axis is water’'s permanent dipole (includes the effects from the image fields) and the
direction along the z-axis is the dipole induced by the external electric field (includes the effects from the

image fields).
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Table S1. Electronic coupling strengths (I") for different orientations with different o values.
Related to Figure 2C. This shows the robustness of the electronic coupling strengths rankings for
different orientations (Parallel > Perpendicular-L > Perpendicular-R > Sideway-L). o is defined as the
width of the distribution in Eq. 2.

o (eV) Sideway-L Perpendicular-R Perpendicular-L Parallel
I (eV) I (eV) I(eV) I (eV)
0.750 0.340 1.670 2.416 2.680
0.500 0.323 1.497 2.312 2.876
0.125 0.468 1.555 2.371 2.981
0.050 0.544 1.414 2.264 3.017
0.025 0.433 1.670 1.860 2.961




Table S2. Computed conductance ratios between the parallel orientation and the perpendicular
orientation at selected energy gaps AE between the water HOMO orbital and the Au Fermi level.
Related to Figure 2C.

AE (eV) Gparallel / Goeroendicular
—3.66 3.1

—2.86 5.9

-2.04 10.4

-1.22 18.7




Supplemental Experimental Procedures
Calculations of energy for parallel and perpendicular orientations under external electric fields

We calculated the energies of a water molecule in the parallel and perpendicular orientations under an
external electric field by considering the polarizability of water and the image dipoles caused by the two
metal electrodes. For water in a perpendicular orientation (Figure S7A), the total energy gained (Uye)
from the electric field-dipole interaction is given byl,

1 1 1
Uver = _Eext “Pyer _E Eimg—t “Pyer _E Eimg—b “Wyer + 2 (E + Elmg t Eimg—b ) : ("’ver - “0)

, Eq. S1

The first three terms in Eq. S1 are the interactions between the electric field and the dipole. The last term
includes the energy cost to polarize water. E.,, is the external electric field. p.e is the total dipole of the
water molecule after being polarized. Yo=1.85 D is the permanent dipole of water, Ejng.c and Eimg are the
image field by the top and bottom electrodes. Uyer, Eimg-and Eimg., can be expressed as™,

Hyer = Mo + 4'72-‘900( (E + Elmg t Eimg—b ) ,

Eqg. S2
Eo__ M [ 1 ! 1
img-t —
9 drg,d®| 2 B +d zﬂmp d ﬂtop Eq. S3
Eimg_b __ Pyer (_ 1 1 + ! J
472'&‘0 2f, +d Zﬁ ot =0 Lo : Eqg. S4

& is the vacuum permittivity. a, = 1.48 A% is the polarizability along the dipole direction of water®*(Figure
S7A). d = 0.63 A is the length of the dipole. B, = 3.2 A and Buo: = 2.9 A are the distance from the dipole
to the top electrode and bottom electrode respectively (Figure S7A). B, and By are obtained from our
DFT calculations.

For water in the parallel orientation, because of the polarizability along the z-axis, the total dipole pps can
be divided into two orthogonal directions (Figure S7B). The total energy gained U, is the sum of these
two components along the two orthogonal directions.

U par — U par-x +U par-z Eq. S5

where U4, can be calculated using the same way as that for the perpendicular orientation by combing
Egs. S1-4, while Uy, can be expressed as’,

U par-x _Eimg—x ‘R Eq. S6

Eimg-x iS the |mage field along x-axis caused by the top and bottom electrode (Figure S7B) and can be
expressed as”,
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6 is the angle between the p,, and the water molecular plane (Figure S7B). 8 = 2.9 A is the distance
between the dipole and the electrode for parallel orientation, which is obtained from DFT calculations.
Notice that the two image dipoles have the same electric field for parallel orientation. The two orthogonal
directions of the up, can be expressed by the following equations (Figure S7B),

E

4, Eq. S7

B, - COSO = p, +87g,0,E,

img-x

B, -SINO =8re,a B, , +4me B

: Eq. S8

Eimg-2 IS thg—:-simage field along z-axis and can be calculated by Eq. S3. a, = 1.7 A% is the polarizability along
the z-axis™".

The initial energy (at zero electric field) for parallel orientation is calculated by 2xparallel energy in Figure
2D and the initial energy for perpendicular orientation is calculated by the sum of perpendicular-L energy
and perpendicular-R energy in Figure 2D. The sum of the initial energy and the energy gained from the
electric field as calculated above is plotted in Figure 3D.

Populations of LC/HC states versus the bias voltage in Figure 3E

Under equilibrium, the populations of HC and LC state are given by,

[HC]«—>[LC]
AU =—-Kk;TIn H
[Hel

, Eq.S9

where AU is the energy difference of the two states, kg is the Boltzmann constant and T is temperature in
K. From Eq. S9, we express the population of the HC state as

1

_Au
1+e kT

P(HC)=

V.
AU =U, 4 —blas. 7
dg,
gap , Eg. S10
where U is the energy difference in the absence of electric field. Vyss is the bias voltage and dg,p is the

distance between the two electrodes. u is water molecular dipole. We calculated the population of HC
state from the counts within the full-width-half-maximum range of the HC conductance peak as shown in



Figure 3C. The population of HC state versus bias voltage was fitted with Eq. S10 and shown in Figure
3E.

Relation between single molecular conductance and electron transfer rate in donor-bridge-
acceptor (DBA) system

The electron transfer rate in DBA system kps can be related to the molecular conductance g in the
following way*?,

N 8e? ‘
~ T LR DA
7Ty F

~(A+Enp )’ 144KgT

g

e

JAmak,T o

L R
e is the charge of electron. I'p and Ta are the coupling strengths between donor and left electrode,
between acceptor and right electrode respectively, which are assumed to be 0.5 eV. F is the Franck-
Condon factor. Epp is the electronic energy gap between the donor and acceptor, which is assumed to be
0 eV. A is the reorganization energy, taken to be 0.5 eV. Eq. S11 allows conversion of single molecule
conductance to electron transfer rate. The converted electron transfer rates are plotted in Figure 4B.
These values are based on the “static” high conductance and low conductance values.

Conductance calculations

We carried out the conductance computations for the parallel and perpendicular orientations using the
DFT derived Au-water interaction values. In the calculations, the electrodes were simulated using the
same cluster model used in deriving the Au-water coupling (see computational methods). The continuum
of lead states is represented by a set of 2832 energy levels, each coupled to the molecule and each with
a damping term y (=0.02 eV) that causes the density matrix for the leads to approach an equilibrated
thermal distribution. The Hamiltonian of the water and two Au electrodes is represented by the Kohn-
Sham matrix obtained in the water-Au coupling calculations. Details of the conductance formulism was
presented in our previous calculations®. At a bias voltage of 0.05 V, the computed conductance ratio
between the parallel and perpendicular-L orientations ranges from 3 to 19, depending on the relative
energy between the water HOMO orbital and the Au Fermi level. While the calculations correctly captured
the observed conductance trends, the disparity between theory and experiments may be caused by the
accuracy of the DFT methodology (the DFT functional and basis sets), the size of the Au cluster model,
and thermally induced structural fluctuation contributions to the conductance. Structural fluctuations will
reduce the water-Au interactions more significantly for weakly absorbed conformers than those of the
strongly absorbed ones.
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