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Summary

Water molecules can mediate charge transfer in biological and chemical reactions by forming 

electronic coupling pathways. Understanding the mechanism requires a molecular-level electrical 

characterization of water. Here, we describe the measurement of single water molecular 

conductance at room temperature, characterize the structure of water molecules using infrared 

spectroscopy, and perform theoretical studies to assist in the interpretation of the experimental 

data. The study reveals two distinct states of water, corresponding to a parallel and perpendicular 
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orientation of the molecules. Water molecules switch from parallel to perpendicular orientations 

on applying an electric field, producing switching from high to low conductance states, thus 

enabling the determination of single water molecular dipole moments. The work further shows 

that water-water interactions affect the atomic scale configuration and conductance of water 

molecules. These findings demonstrate the importance of the discrete nature of water molecules in 

electron transfer and set limits on water-mediated electron transfer rates.

Graphical Abstract

(3) An eTOC blurb no longer than 80 words describing the context and 
significance of the findings for the broader journal readership

Tao and colleagues found two conductance states for single water molecular junctions, originating 

with two water orientations that depend on water-water interactions. Electric fields can further 

switch the water molecular junction from the high to low conductance states. The study reveals the 

nature of water molecules as charge mediators and sets fundamental limits on orientation-

dependent water mediated electron transfer rates.
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Introduction

Charge transport through water is critical to many biological and chemical phenomena, and 

material processing, including electrocatalysis, biological energy transduction and energy 

storage. Early studies found that electron tunneling through water between redox active 

molecules had an exponential decay constant of 1.6–1.7 Å−1, indicating that water supported 

short-range charge transport1. However, X-ray crystallography revealed that water molecules 

form hydrogen bonds within and between proteins2–4, which can mediate long-range charge 

transport in biomolecules, including proteins4–7 and DNA8,9, and the fluctuating hydrogen 

bonds can gate long-range charge transport10. Moreover, studies have found that water 

molecules form low dimensional structures in confined spaces11,12 and on solid 

surfaces13–15, and the tunneling current through a water layer is strongly dependent on the 
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structure of the layer16–19. These findings underscore the importance of the specific nature 

of water molecules, including their structure and orientation, in charge transport processes, 

and motivate the investigation of charge transport through single water molecules.

Cryo-temperature experiments find conductance values of water close to 1G0 (G0 = 2e2/ℎ = 

7.748 × 10−5 S, conductance quantum), the conductance for a metal atom in the ballistic 

transport regime20,21. Li et al. also reported this high conductance value (~1 G0) before and 

after exposing the gold surface to water at ~10 K and they attributed the high conductance to 

the formation of gold atomic wires with adsorbed water molecules22,23. These studies 

focused on the ballistic regime and were performed at cryogenic temperatures, while 

electron transport studies in nature are typically non-ballistic and take place near room 

temperature. Electron tunneling through liquid water has been measured at room 

temperature, and trapping and un-trapping of charges have been observed24, but studies have 

not measure the conductance of single water molecules bridged between two electrodes.

At room temperature, water molecules tend to form hydrogen bonded clusters25–27, making 

it difficult to form a single water molecular junction in the condensed phase. We overcame 

this challenge by controlling the coverage of water molecules on the electrodes and by 

measuring the charge transport through single water molecules using the scanning tunneling 

microscopy (STM) break junction method28 with a gold substrate and a gold tip. We found 

that water molecules are less likely to form hydrogen bonded clusters at low surface 

coverages, which allows an isolated water molecule to bridge between the tip and the 

substrate electrodes to form a molecular junction. At high surface coverages (e.g., bulk 

water), hydrogen bonding between water molecules competes with the binding of a water 

molecule to the electrodes14,29 and makes it harder to form a molecular junction. We 

characterized the structure of water molecules on gold electrodes using polarization 

modulation reflection absorption infrared spectroscopy (PM-RAIRS) and modeled the 

water-electrode interactions using density functional theory (DFT). Finally, since water 

molecules have a large electric dipole moment, we examined the influence of molecular 

orientation on the conductance of a single water molecule by switching its orientation using 

an electric field.

Results

Water adsorption on gold surfaces and conductance of gold-water-gold junctions

The conductance of molecular junctions was measured using the STM break junction 

method28. A gold STM tip was repeatedly brought into and out of contact with the gold 

substrate, and the current between the tip and substrate was measured continuously. 

Individual current vs. tip-substrate distance (I-d) traces were recorded during STM tip 

retraction. If no molecules bridge between the STM tip and substrate, the current traces 

show a smooth exponential decay, the characteristic of electron tunneling (black trace in 

Figure 1C). We first performed the measurements in liquid water, and found no stable 

molecular junctions were formed. Thousands of current traces were collected to construct a 

conductance histogram, which does not show any peaks (Figure S1A).
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Measuring the monolayer of targeted molecule adsorbed from the gas phase is an alternative 

way to study single molecular junction besides the measurements in solution. To form a 

single gold-water-gold molecular junction it requires the controlling of water adsorbed on 

the gold surface at the monolayer level (Figure 1A). We first characterized the water 

adsorption on a gold surface in a nitrogen atmosphere under controlled humidity levels using 

polarization modulation reflection absorption infrared spectroscopy26 (PM-RAIRS). Figure 

1B shows the PM-RAIRS band intensity in the 3000–3700 cm−1 region (O-H stretching 

modes of water, see Figure S2 for IR spectra) versus relative humidity. We observed a quasi-

stable region at a relative humidity of ~15–45%, likely due to a monolayer coverage on the 

surface. This observation is in accordance with our previous results on silicon oxide 

surfaces26, and is consistent with other surface characterizations of water on the gold surface 

under different humidity27,30,31. We thus performed STM break junction measurements on 

the gold surface with 38% relative humidity. Unlike the measurements in liquid water, a 

plateau in the current-distance trace was frequently observed, indicating the formation of a 

gold-water-gold molecular junction (blue and red traces in Figure 1C). Thousands of current 

traces were collected and all of the traces were used to construct a conductance histogram, 

showing peaks associated with the plateaus (Figure 1D). The peak positions indicate the 

most probable conductance values for water molecules (see Experimental Procedures for 

details).

The conductance histogram in Figure 1D reveals two sets of conductance peaks separated by 

more than an order of magnitude. The low conductance set has a primary peak centered at 

2.9 ± 0.4×10−4 G0, referred to as the low conductance (LC) state of the water molecule. This 

primary peak is accompanied by a secondary peak with conductance at ~2× the primary 

peak conductance (marked LC×2). Such secondary peaks are usually attributed to two 

molecules in the LC state bridging between the electrodes in parallel (Figure S3 and ref. 28). 

The high conductance set has a primary peak centered at 2.0 ± 0.1 × 10−2 G0, which is 

assigned to a high conductance (HC) state of the water molecule. There is also a secondary 

peak for the HC state with conductance values at ~2× the corresponding primary peak value 

(denoted HC×2).

The conductance values for the LC and HC-states are both much lower than the values 

measured at cryogenic temperatures with a platinum electrode20,21 and Li et al.’s results 

with gold electrode22. Conductance histograms in the regime above 0.1 G0 (Figure S1) do 

not show pronounced peaks near the previously reported values20,21. This is because that 

temperature, together with the type of metal surface and humidity level (amount of water on 

the electrode surface) have a large impact on the water-water interactions, and binding and 

orientation of water molecules on the metal surface (water-electrode contact), which affect 

1) the configuration (or geometry) of the molecular junction, 2) electronic coupling between 

the water molecules and the electrodes, and 3) alignment of the electrodes’ Fermi levels with 

the molecular energy levels. Control experiments in high vacuum (10−5 torr) or in pure 

nitrogen did not find conductance peaks within either the HC or LC ranges (See Figure S4. 

Also, Figure S1 only shows the 1G0 peak from gold atomic wire, which is consistent with Li 

et al.’s results22), indicating that both the HC and LC peaks arise from water molecules,
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Analyzing the length of the conductance plateau (referred to as the stretching length) 

provides useful information on the binding geometries of water molecules at the electrodes. 

From the stretching length histograms, the stretching lengths were determined to be 0.09 ± 

0.01 nm for the HC state and 0.14 ± 0.01 nm for the LC state (Figure 1E). Both values are 

shorter than the stretching length of gold atomic junctions formed with water-adsorbed 

electrodes (~0.64 nm) as reported by Li et al.22,23, indicating weaker binding between water 

molecules and the electrodes than between gold atoms in gold atomic junctions.

Humidity dependence of gold-water-gold molecular junctions

To confirm that the HC and LC states arise from a single water molecule, we performed the 

STM break junction measurements at extremely low relative humidity of ~3%, much lower 

than the humidity required to form a monolayer coverage27,30,31. We observed more 

pronounced LC peaks at this low humidity, suggesting a single water molecule is being 

measured. Moreover, forming and breaking water-water hydrogen bonds occur on the 

picosecond time scale32,33, so it is unlikely for a water cluster junction to be stable for 

milliseconds and produce the plateau features in the current-distance traces (Figure 1C). As 

we show below, the HC state can be switched to a LC state in a single current-voltage 

sweep. Taken together, these observations suggest that a single gold-water-gold molecular 

junction is measured in the LC and HC states. The observation of the secondary peaks with 

conductance values at ~2× the corresponding primary peak values for both the LC and HC-

states further evidences that the primary peak arises from single water molecules.

We also measured the dependence of the two conductance states on the relative humidity 

values (Figure 2A). As the humidity increases, the peak positions of the LC and HC states 

do not change substantially (see also Figure S5). However, the peak areas, which reflect the 

populations of the HC and LC states, change significantly. The LC peak area decreases more 

substantially than the HC peak area, so the ratio of the HC to the LC peak areas increases 

with humidity (Figure 2B; notice that this ratio does not report the absolute ratio of the 

population of the two states on the gold surface). The humidity dependence data may be 

divided into three regimes. In regime I (below ~15% RH), a larger fraction of water is in the 

LC state, and the fraction in this state decreases rapidly with humidity. In regime II (from 

~15% to ~45% RH), the fractions of LC and HC states change little. In regime III (above 

~45% RH), the fraction of the LC state decreases rapidly. Both HC and LC states 

disappeared at high relative humidity of ~67% and 78% (Figure S1). The systematic 

humidity dependence of the conductance histograms and the consistency of this dependence 

upon the IR absorption intensity (Figure 1B) further indicate that the LC and HC states arise 

from water molecules.

To gain insight into the structural and physical origins of the LC and HC states, we 

performed DFT analysis of water molecules on a 2-layer 3×3 Au (111) surface with periodic 

boundary conditions (see Experimental Procedures). To simulate Regime I, we initially 

placed a single water molecule in five different orientations, including parallel (water plane 

parallel to the gold surface), perpendicular-L and perpendicular-R (where the two hydrogen 

atoms point toward and away from the gold surface, respectively), and sideway-L and 

sideway-R (where one O-H bond points away from and one toward the gold surface) 
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orientations (Figure 2C). The water molecule was then allowed to relax its binding geometry 

(see Experimental Procedures for details). The sideway-R orientation was unstable in the 

DFT model and relaxed to the perpendicular-L orientation. The calculation indicates that the 

parallel orientation is the most stable one (Figure 2D), which is consistent with other 

calculations34,35. In this regime, a single water molecule can be contacted by the STM tip, 

and retraction of the STM tip brings the water molecule to a perpendicular orientation. As 

we show below, an electric field can also switch the water molecule from the parallel to the 

perpendicular orientation. We simulated Regime II by including a water structure formed by 

water hexamer, a representative type of water cluster on the metal surface15. Our DFT 

calculations revealed two stable conformations: hexamer-L (consisting of parallel and 

sideway-L orientation structures) and hexamer-R (consisting of parallel and sideway-R 

orientation structures, Figure 2E). Each of these two water structures contains two layers of 

water, which are similar to the water bilayer structures14. The parallel water layer (as the 

first layer) has stronger interactions with the gold surface, but the sideway water layer (as the 

second layer) binds to the parallel water layer through hydrogen bonds and does not have 

strong interactions with the gold surface. The sideway water layer is slightly further away 

from the gold surface comparing to parallel water layer (Figure 2E). Since the sideway 

orientation is unstable in a molecular junction (Figure 2C), we therefore conclude that only 

water molecules in the parallel orientation can be measured.

We calculated the electronic coupling between the water and the gold electrodes using a 

finite size gold cluster with adsorbed water molecule (see Experimental Procedures). It was 

found that the parallel orientation has a stronger coupling than the perpendicular orientation 

(Figure 2C). The parallel orientation has also a shorter distance between electrodes (shorter 

tunneling distance) than the perpendicular orientation, which is consistent with the finding 

that the HC state has a shorter stretching distance that the LC state (Figure 1E). Both the 

stronger electronic coupling and the shorter tunneling distance indicate that the HC-state of 

water is in the parallel orientation and the LC-state is in the perpendicular orientation. This 

is further verified by computing the conductance ratio of the parallel versus the 

perpendicular orientations. The computed ratio ranges from 3 to 19, depending on the Fermi 

level energy position (Table S2), which is consistent with the experimental results. The 

experimental observation of a shorter stretching length for the HC-state than for the LC-state 

provides further validation of the orientation origin of the HC- and LC-states. The cluster 

model tends to overestimate the amplitude of the wave function (scaled by 1/ N where N is 

the number of atoms in the cluster), N and thus the coupling strengths, because of the finite 

size effects of the cluster model. The use of different models for stabilization energy and 

coupling strength calculations makes it difficult to compare the absolute values obtained by 

the models, but the relative magnitude comparison consistently indicates that the parallel 

orientation is more stable than the perpendicular orientation.

Based on the conductance data, IR spectra, and DFT analysis presented above, we provide 

an explanation for the humidity-dependent behavior of gold-water-gold molecular junctions. 

In regime I, only a few water molecules are adsorbed on the surface, with most of them in 

the parallel orientation. This makes it easy for an STM tip to contact a single water molecule 

from the substrate surface, forming a gold-water molecule-gold junction where the water 
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molecule can be in parallel or perpendicular orientations (Figure 2C), leading to the HC and 

LC states, respectively (Figure 2A–B). This explanation is further supported by the 

extremely low IR intensity of water species, as the parallel water cannot be detected in PM-

RAIRS due to image charge screening36. STM images also show that the water molecules 

are largely isolated on the surface13,37, with low coverage, consistent with the picture above. 

In regime II, water molecules form a monolayer, where parallel and sideway orientations 

coexist14,37 (Figure 2C and 2E). This behavior is further confirmed by IR absorption spectra, 

as the IR intensity does not change significantly with humidity. The existence of water 

monolayer has also been confirmed in STM/AFM and spectroscopic studies13,14,25,38. 

Comparing to the low coverage of Regime I, the hydrogen bonds between water molecules 

in regime II reduces the likelihood for the STM tip to contact a single water molecule and to 

stretch it into the perpendicular orientation, leading to the larger HC/LC ratio (Figure 2B). In 

regime III, multiple layers of water molecules begin to form on the surface13,14, with most 

water molecules lying flat and bound to their neighbors via hydrogen bonds25, producing the 

abrupt increase in the IR intensity. This makes it more difficult to contact a single water 

molecule with the tip. Conductance histograms at a relative humidity of 67% or 78%, and 

liquid water too, do not produce peaks with in the same range of the conductance histograms 

(Figure S1). This further confirms that the HC- and LC- states are caused by tunneling 

through a single water molecule, instead of tunneling through a water layer or cluster.

Electric field control of water molecule orientation and switching of conductance state

Water is known to have a large electric dipole moment and to respond to electric 

fields25,34,39,40, but experimental determination of water dipole moments has been limited to 

ensemble measurements in the vapor phase41. To measure single water molecule dipole 

moments in the condensed phase, and to examine the switching of water orientations by an 

electric field, we used an electric field and swept the bias voltage between the STM tip and 

substrate while monitoring the conductance changes. We first detected a HC-state plateau in 

the conductance-distance trace (arrows in Figure 3A) during tip retraction at a small bias 

voltage (−20 mV), which corresponds to the parallel orientation of a water molecule in the 

junction. We then swept the bias voltage from −20 mV to 2 V, and then back to −20 mV (see 

Experimental Procedures and ref. 42 for details). For ~70% of the measurements, the 

conductance drops abruptly to the noise level during the bias voltage sweep, due to 

breakdown of the molecular junction. For the remaining ~30% of the measurements, the 

conductance switches from the HC-state to the LC-state at ~1.2 V (arrows in Figure 3B). 

This is supported by statistical analysis (2D conductance-voltage histogram) that reveals two 

distinct conduction bands: a HC-band at low bias voltages (0 to ~1.2 V) and a LC-band at 

high bias voltages (~1.2 V to 2 V). We also reversed the polarity of the bias voltage and 

observed similar results (Figure S6). Figure 3F sketches an idealized atomic sharp gold tip 

and atomic flat gold substrate. Experiments have shown that gold atoms are pulled out of the 

initially flat gold substrate (observed as islands or protrusions on the substrate) in STM 

break junction measurements, so the tip and substrate electrodes are more symmetric than 

Figure 3F indicates43. Other experiments have shown that the gold tip and substrate alone do 

not introduce asymmetry in IV characteristics42. The LC-state conductance at high bias 

voltages (Figure 3C) is slightly larger than that at low bias voltages (Figure 2A). This is 

because of nonlinear I-V characteristics of the LC state (Figure S6). We also performed the 
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experiment by starting with the LC-state, and found that sweeping the bias voltage did not 

lead to switching of the conductance to a different level (Figure S6). Previously reported 

fluctuations in tunneling currents through liquid water are associated with trapping and 

detrapping of charges in water24, which are distinct from conductance switching associated 

with the orientation of single water molecules and the breakdown of the water-electrode 

contact in the present study.

To understand the electric field-induced water molecule orientation switching, we calculated 

the energies of a water molecule in both the parallel and perpendicular orientations on the 

electrodes vs. electric field (Figure 3D). In the absence of the electric field, the parallel 

orientation is more stable than the perpendicular orientation. (The total energy of the parallel 

conformation is 2× the free energy of the parallel orientation at the lowest point in Figure 

2D. The total energy of the perpendicular conformation is the sum of the free energies from 

the lowest point of the perpendicular-L and perpendicular-R orientations in Figure 2D). On 

applying an electric field, the energies of both orientations decrease, but the decrease is more 

rapid for the perpendicular orientation. The result arises from the interaction of the water 

dipole (μ) with the electric field (E), with the energy given by −E·μ·cosθ, where θ is the 

angle between the permanent dipole moment and the electric field. The electric field E 
includes a component induced by the image dipole in addition to the applied field, and the 

water dipole includes a contribution from water polarization in addition to its permanent 

dipole (see Supplemental Experimental Procedures and Figure S7 for details on the 

calculation). The energies of the parallel and perpendicular orientations cross at ~3.4 V/nm, 

indicating switching of the water molecule from parallel to perpendicular orientations by the 

electric field (Figure 3F). The observed switching field is consistent with other theoretical 

predictions34,44. This result also further supports the interpretation that the HC and LC states 

arise from parallel and perpendicular orientations of water molecules. The percentage of the 

HC state versus bias voltage (Figure 3C) can also be fitted with an equilibrium population 

distribution (Supplemental Experimental Procedures). From the fitting (Figure 3E), we 

obtained the energy difference between parallel and perpendicular orientations in the 

absence of electric field U0 = 0.13 ± 0.01 eV (consistent with the results in Figure 2D) and 

μ/dgap = 5.3 ± 0.1 D/nm, where μ is the water dipole and dgap is the distance between the two 

electrodes. Calculations in the literature25,34,35 and from the present study show that the 

distance between the oxygen atom and the gold atom for parallel orientations is 0.26–0.30 

nm. This yields a dipole moment of 2.7~3.2 D, which is larger than that of an isolated water 

molecule (1.85 D). This is mainly because the water molecule in the junction is coupled with 

the two electrodes, and the large electric field can polarize the water molecule. Such large 

dipole moments were also reported for water in liquid or condensed phase, where individual 

water molecule is polarized by the surrounding water molecules45–47. These theoretical 

predictions further indicate that the dipole-field interaction can lead to orientation switching 

of water molecule by an electric field (Figure 3F).

Implications for water-mediated electron transfer reactions

Water molecules can form bridges between proteins to facilitate electron transfer. The 

conductance in a single molecular junction may be related to the electron transfer rate in the 

corresponding donor-bridge-acceptor (DBA) system48. In a symmetric case where donor and 
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acceptor are the same, for a typical reorganization energy λ = 0.5 eV and coupling strengths 

ΓD = ΓA =0.5 eV with donor and acceptor, we thus predicted the upper and lower limits of 

electron transfer rates for water bridges with two different orientations (β = 6.2 nm−1 and 13 

nm−1, Figure 4A–B and Supplemental Experimental Procedures). These results are 

consistent with the theoretical and experimental water-mediated electron transfer 

rates6,7,49–53. Moreover, by constructing the 2D conductance-displacement histogram 

(Figure 4C and Experimental Procedures), we found that the conductance of LC state 

(perpendicular) is more sensitive to the stretching distance than the HC state (parallel), with 

decay constants of 5.8 ± 0.2 nm−1 and 2.7 ± 0.1 nm−1, respectively. This observation 

indicates that the electronic coupling between the water molecule and the donor/acceptor 

depends on the orientation of the water molecules, which is unexpected from the continuous 

medium picture. The results also reveal how water-mediated electron transfer rates depend 

on the distance between donor and bridge (dD1), and the distance between acceptor and 

bridge (dNA, Figure 4A) (which, in turn, depend on the water molecule’s orientation). A 

quantitative comparison between the slope of the stabilization energies in Figure 2D versus 

distance and the measured decay constant in Figure 4C is difficult to make because of 

limitations of the potential energy scans and the intrinsic uncertainties in the quantum 

chemical modeling (including limitations of the basis sets, the DFT functionals, and the size 

of the supercell that simulates the gold surface). The energy profile in Figure 2D is derived 

from a potential energy scan with a rigid water orientation (after the orientation 

optimization), while in the conductance measurements, the water molecule bridges between 

the two electrodes and stretching can cause orientation variations or orbital energy re-

alignments. Effects of this kind may be more pronounced for weakly interacting water 

molecules (i.e., the perpendicular orientation) because of the smaller stabilization energy and 

the slower energy dissipation, which produce a steeper slope in the conductance-distance 

dependence, as shown in Figure 4C.

Discussion

Previous tunneling current measurements16–18 in liquid water treated water as a continuous 

tunneling medium, which neglects the discrete nature of single water molecules. In contrast, 

the present break junction experiments measure conductance by repeatedly creating and 

breaking single water molecule junctions formed between two electrodes. These studies 

reveal stepwise changes in the conductance vs. distance traces, associated with distinct peaks 

in the conductance histograms. This is because that the present work measures a small and 

controlled amount of water molecules on the electrode, rather than tunneling through bulk 

water. The studies also found two stable orientations of water molecules and that the 

corresponding conductance is sensitive to orientation.

Multiple peaks in conductance histograms associated with different binding geometries (e.g. 

atop and bridge geometries) were usually reported for thiol-gold contacts54, where a 

covalent bond is formed between S and Au atoms. In the present case, the water-electrode 

binding is weak, and we observed a 65-fold difference in the HC and LC states of water 

molecule, much greater than the conductance differences of the multiple peaks in alkane 

dithiols. More importantly, we observed switching of HC- to LC- states by an applied 

electric field, indicating orientation changes. Taken together with the theoretical calculations 
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and humidity-dependent IR absorption data, our results indicate that HC- and LC-states arise 

from different water orientations.

Conclusions

In summary, we measured the conductance of single water molecules at room temperature, 

and observed two distinct values with different orientations: a high conductance (2.0 ± 

0.1×10−2 G0) value associated with the parallel orientation and a low conductance (2.9 ± 

0.4×10−4 G0) value associated with the perpendicular orientation. Applying an electric field 

to the water molecule switches it between the parallel and the perpendicular orientations, 

and leads to conductance switching. These findings are supported by PM-RAIRS analysis 

and by electronic structure analysis. The studies determine the electrical conductance and 

the dipole moment - two elementary properties of single water molecules, thus providing a 

molecular-scale foundation to the understanding of water-mediated electron transfer.

Experimental Procedures

Resources Availability

Lead Contact

Limin Xiang, Limin.Xiang@asu.edu

Materials Availability

No new materials are generated in this study

Data and Code Availability

The data that supports the plots within this paper and other finding of this study are available 

from the corresponding authors upon reasonable request.

Procedures for measuring conductance:

We performed the STM break-junction experiments in a nitrogen glove box with the relative 

humidity controlled by delivering water vapor (Mill-Q water, 18.4 MΩ·cm) or by purging the 

glove box with pure nitrogen (99.998%). The relative humidity was monitored using an 

Amprobe TH-3 relative humidity temperature meter. A gold tip and a gold substrate were 

used as the two electrodes. Gold substrates were prepared by thermally evaporating ~160 nm 

of gold (99.999% purity, Alfa Aesar) onto freshly cleaved mica slides and annealed in ultra-

high vacuum (5 × 10−8 torr) for 3 hours. Before each experiment, the gold substrate was 

flame annealed for 1 min with a hydrogen flame, then mounted onto the STM cell and kept 

in a vacuum desiccator while being transferred into the nitrogen glove box. The STM tip 

was freshly cut from gold wire (99.95% purity, Alfa Aesar). For experiments in liquid water 

and ~78% relative humidity, the STM tip was coated with Apiezon wax to reduce ionic 

leakage current. A small bias voltage was applied between the tip and substrate (typically 20 

mV, otherwise stated). A large number of current–distance traces (~4,000) were recorded in 

each set of conductance experiment, from which a conductance histogram was constructed 

with all the traces. Stretching length histogram was constructed by compiling the all distance 

values for the traces recorded when the conductance was within the full width half-
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maximum (FWHM) of the conductance peak including the plateau regime. Two-dimensional 

conductance-displacement histogram was constructed by aligning all the traces at the 

conductance value of 0.006 G0 and projecting them onto a two-dimensional graph.

For measurements in vacuum and in pure nitrogen atmosphere, a gold substrate was flame 

annealed with butane/hydrogen flame for 30 sec before loading into a vacuum chamber 

(Janis Research Co.). The chamber was quickly pumped down to ~1×10−5 Torr with a turbo 

pump (Edwards). Current-distance traces were collected with a clean gold substrate at high 

vacuum first. After that, pure nitrogen gas was introduced into the system and current-

distance traces were collected.

Procedures for measuring current-voltage (I-V) relations:

We modified our STM-break junction algorithm to build a histogram of the current transient 

in real time in order to detect plateaus before the corresponding molecular junction broke42. 

If a plateau was detected, the piezo modulation was paused and the bias was swept over a 

certain range up to ±2 V. Once the bias sweep was completed, the piezo continued to ramp 

away the STM tip from the substrate and the break junction cycle was repeated. In this 

method, approximately 3000 current-voltage (IV) traces were recorded, from which the 2D 

conductance-voltage (G-V) histogram was constructed42.

Polarization-modulation reflection absorption infrared spectroscopy:

PM-RAIRS spectra were collected to investigate the water adsorption on gold surfaces. The 

spectra were collected using a ThermoNicolet Nexus 670 spectrometer with a MCT-A 

detector. Based on the metal selection rules of IR reflection, PM-RAIRS is able to detect the 

adsorbed species without the interference of the gas phase. The sum and difference of the p- 

and s- polarized reflection IR were collected simultaneously. The difference (p-s) signal 

carries only the information from the adsorbates with the perpendicular portions of its dipole 

change to the surface (due to the metal surface selection rule36), while the sum (p+s) signal 

contains both the adsorbates and gas phase molecules. By normalizing these two signals, the 

spectrum of the adsorbed water can be obtained. Vapor phase environment with a controlled 

relative humidity was achieved in a continuous flow chamber by mixing the dry N2 and 

saturated water vapor with a desired proportion. The saturated water stream was produced 

by flowing the carrier gas (N2) through a column filled with water (>18 MΩ·cm).

Computational methods:

The structure of a single water molecule was optimized on a 2-layer gold (111) surface with 

periodic boundary conditions (Figure 2C–D). The periodic supercell contained a 3×3 gold 

surface and a single water molecule was initially placed in the parallel (water plane parallel 

to the gold surface), perpendicular-L (two O-H bonds pointing towards gold surface), 

perpendicular-R (two O-H bonds pointing away from gold surface), sideway-L (one O-H 

bond pointing away from the gold surface) and sideway-R (one O-H bond pointing towards 

the gold surface) positions (see Figure 2C). To reduce the interaction between the mirror 

surfaces, a 20 Å vacuum layer was added to the supercell in the direction perpendicular to 

the surface. PBE-GGA pseudo-potential with the DZP basis set was used to describe the 

atomic interaction and the simulation was conducted using the SIESTA package. The choice 
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of the PBE functional was based on its superb performance in the description of the 

electronic properties of the Au cluster and water absorption on the gold surface34,35. In 

particular, a recently computational study34 showed that the adsorption energetics and the 

electrostatic interactions and between water and gold with/without the electric field were 

well described by the PBE functional. Gold atoms were constrained while relaxing the water 

molecules. After we found the optimized position of the water molecules, we manually 

pulled the water molecules away from the surface with a step size of 0.1 Å. At each step, the 

total energy was calculated. The structure of the water monolayer was simulated using the 

same method. The initial positions of the water molecules were alternatively placed in the 

parallel and sideway orientations. Figure 2E shows the repeating unit of the water monolayer 

(a honeycomb-like structure) after the relaxations. This calculation shows that the alternating 

parallel/sideway structure is energetically more stable because of the hydrogen bonding 

interactions.

We computed the coupling strengths (shown as the numbers in Figure 2C) based on a finite 

size cluster model without periodic boundary conditions. The clusters were chosen to be 

sufficiently large with hydrogen atoms added at the boundary to minimize the impact of 

cutting the slabs. The effective molecule−electrode coupling was described by the spectral 

density

Γ (ε) = 2π Σn V n
2 δ ε − εn , Eq. 1

In the present case (water on gold), we approximate ε = EHOMO as the HOMO energy of 

water.

We also approximated the Dirac d function as,

δ(x) = limσ 0
1

2πσ2exp − x2

2σ2 , Eq. 2

We compared the effective coupling between the water and the electrode at different σ 
values for different water orientations. PBE was used to optimize the structure and construct 

the supercell by extending in each lattice vector direction with one periodicity. Gold atoms 

were capped with Hydrogen atoms at the edges and on the bottom surface. We computed the 

effective coupling using the same PBE-GGA DFT functionals as above with relativistic 

effective potentials55 for gold, 6–31G(d) for H2O and STO-3G for the capping H atoms. 

Standard DFT based block-diagonalization methods are used to approximate the diabatic 

couplings using the adiabatic electronic Hamiltonian constructed from ab initio or DFT 

quantum chemical computations. Vn is the off-diagonal matrix element from the block-

diagonalized Kohn-Sham matrix. The computed results are summarized in Table S1. The 

coupling strength values shown in Figure 2C were calculated with a σ value of 0.025 eV. 

Computational methods for calculating the conductance ratios are provided in Supplemental 

Experimental Procedures.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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(1) A Progress and Potential statement no longer than 1,000 characters, 
including spaces

Extensive studies have shown that water can mediate electron transfer by forming water 

bridges. However, the electrical conductance of a single water molecule at room 

temperature remains unknown. Here, we studied single water molecular junctions via 

conductance measurements, theoretical analysis and infrared spectroscopy. We found two 

states associated with single water molecular conductance, corresponding to two 

orientations in the molecular junctions. These two states set fundamental limits on water 

mediated electron-transfer rates. We further switched the orientations via an external 

electric field and determined the single water dipole moment. Our work provides a 

molecular-scale foundation to understand water-mediated electron transfer in chemistry 

and material science, and motivates future investigations of energy transduction at the 

water-electrode interfaces.
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(2) 3–4 Highlights of no more than 85 characters each, including spaces

1. Two single-water molecule conductance states were found

2. Theoretical analysis and IR spectroscopy revealed two water orientations

3. An external electric field switched water from high to low conductance states

4. The two states set fundamental limits on water mediated electron transfer 

rates
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Figure 1. Conductance measurements of water molecular junctions.
(A) Schematic illustration of the experimental setup. A gold STM tip is brought into contact 

with a water molecule-covered gold substrate and then retracted from the substrate. During 

this process, a water molecule can bridge between the two electrodes, forming a gold-water-

gold molecular junction. (B) PM-RAIRS analysis was performed on the gold surface with 

controlled relative humidity. Plotting the absorption band intensity in the region of 3000–

3700 cm−1 (O-H stretching modes of water) versus the relatively humidity shows a quasi-

stable region from ~15% to ~45%, likely due to a monolayer coverage. The error bars in the 

IR data are the standard deviations of more than 3 sets of experiments. (C) Representative 

current-distance (I-d) traces during the retraction process of STM tip in panel A show 

conductance plateaus in a high conductance (HC) state (blue) and a low conductance (LC) 

state (red). I-d traces without forming a molecular junction between the tip and the substrate 

show smooth exponential decay (black). (D) A representative conductance histogram with a 

relative humidity of ~38% constructed from ~4000 I-d traces show a HC peak and a LC 

peak, peaks at 2× the HC and LC values (HC×2 and LC×2) that originate from two water 

molecules bridging between the electrodes in parallel. The solid lines are Gaussian fits to the 

histograms, and the peak positions from the fits are taken as the conductance values. (E) 
Stretching length histograms of the HC and LC states, where the solid lines are fits with a 

lognormal distribution. The stretching length is the distance over which a molecular junction 

can be extended before breakdown (arrows marked in panel C). See also Figure S2, Figure 

S3 and Figure S4.
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Figure 2. Dependence of water orientations on relative humidity (surface coverage of water).
(A) Conductance histograms at 3%, 38% and 58% relative humidity (RH). The peak 

positions of the HC and LC states do not change, but their peak areas vary with relative 

humidity. (B) The ratio of the HC- to the LC- peak areas (black points) versus relative 

humidity, where “I”, “II” and “III” mark three regimes. I: a few water molecules, II: a 

monolayer coverage, III: water multilayers on the gold surface. The error bars in the 

conductance data are from the fitting errors. The errors bars in the humidity are from the 

reading errors of the humidity sensor. Model illustrations (right of the plots) are presented to 

show water molecules on a surface in the corresponding three regimes. (C) Optimized 

orientations of an isolated water molecule on a gold electrode. Calculations indicate that the 

parallel water orientation provides stronger electronic coupling (Γ) between electrodes than 

the perpendicular orientation. (D) Calculated total energies of the four stable orientations 

shown in panel C as a function of the Au-O distance indicate that the parallel orientation is 

most stable. (E) Optimized water structures at monolayer coverage on a gold surface with a 

repeating unit of either hexamer-L (consists of parallel and sideway-L orientations) or 

hexamer-R (consists of parallel and sideway-R orientations), which is similar to the water 

bilayer structures14. Left: top view; Right: side view. Only the parallel orientation in the 

bilayer structures can form a stable molecular junction and be measured. See also Figure S1, 

Figure S5, Table S1 and Table S2.
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Figure 3. Electric field induces a change in water orientation.
(A) Conductance vs. distance traces. When a plateau is detected (meaning that a water 

molecule is bridged between the tip and substrate), the tip is fixed and bias voltage is swept 

(marked by the arrows). (B) Representative current-voltage (I-V) curves show the switching 

from the HC state to the LC state as marked by arrows at high bias voltage. (C) 2D 

conductance-voltage (G-V) histogram constructed from thousands of I-V curves shows a 

high conduction band at low bias voltages and a low conduction band at high bias voltages 

(Circled area). The white dashed line marks the saturation of the current amplifier. (D) The 

dependence of the total energy (adopted from Figure 2D) on the external electric field for the 

parallel (blue) and the perpendicular (red) orientations, with a crossover at ~3.4 V/nm. (E) 
Fitting the percentage of HC state versus bias voltage in panel C with the population 

distribution under equilibrium gives an estimation of water dipole moment (see text for 

details). (F) Switching of a water molecule from the parallel to the perpendicular orientation 

at high electric field as predicted in D and observed as a drop in the current in B. The atomic 

sharp STM tip and atomic flat substrate shown in the carton are an over simplification for 

illustration. See also Figure S6 and Figure S7.
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Figure 4. A proposed model for water-mediated electron transfer.
(A) A model donor-bridge-acceptor (DBA) system consists of N water molecules in either 

HC state or LC state as the bridge. (B) Electron transfer rate vs. N for the water molecules in 

HC state (blue) and LC state (red), respectively, which set two limits on the electron transfer 

rate. Experimental and theoretical electron transfer rates from literature are plotted here as 

black stars for comparison. (C) Two-dimensional conductance-displacement histogram 

shows that the LC state conductance is more sensitive to distance than the HC state, 

indicating different electronic couplings between the donor (acceptor) and water molecules 

in the parallel and perpendicular orientations. Note that the y-axis is on a natural logarithm 

scale to better visualize the exponential decay constant. Dash line indicates the slope of the 

decay.
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