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Direct Observation of Hydrogen-Bond Exchange within a Single Water Dimer
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The dynamics of water dimers was investigated at the single-molecule level by using a scanning
tunneling microscope. The two molecules in a water dimer, bound on a Cu(110) surface at 6 K, were
observed to exchange their roles as hydrogen-bond donor and acceptor via hydrogen-bond rearrangement.
The interchange rate is ~60 times higher for (H,0), than for (D,0),, suggesting that quantum tunneling
is involved in the process. The interchange rate is enhanced upon excitation of the intermolecular mode

that correlates with the reaction coordinate.
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The structure and dynamics of water dimers have been
subjects of extensive research as a prototype of much more
complex hydrogen-bonding systems [1,2]. The water
molecules in a free water dimer rearrange the hydrogen
bond through quantum tunneling among eight equivalent
structures, which causes the tunneling splittings in the
vibration-rotation spectra [2]. One of the rearrangement
pathways is the interchange of the hydrogen-bond donor
and acceptor molecules, in which the roles of the donor and
acceptor molecules are exchanged via concerted rotation.
The tunneling rate for this motion was determined from the
tunneling splitting to be 10° s~! for (H,0), [2]. The effect
of vibrational excitation on the interchange tunneling dy-
namics was also investigated [3]. The tunneling splitting
was found to change drastically upon the excitation of the
intermolecular vibrational mode that was argued to corre-
late with the interchange reaction coordinate.

The interchange motion was recently invoked to explain
the unique mobility of water dimers on the Pd(111) surface
[4,5]. Water dimers are bonded with the surface mainly via
the oxygen atom of the donor molecule, and the free
azimuthal rotation of the acceptor molecule around the
donor molecule combined with facile interchange results
in the unexpectedly rapid diffusion of water dimers over
Pd(111) [4].

The dynamics of the hydrogen-bond exchange at solid
surfaces has not yet been understood, although it plays
important roles in, e.g., catalytic reaction. In this study,
the interchange motion was directly observed for individ-
ual water dimers on Cu(110) by using a scanning tunneling
microscope (STM). The substrate has an up-and-down,
washboard structure of large corrugation, where the rota-
tion and diffusion of water dimers are inhibited, thereby
making the interchange process accessible. The inter-
change motion was monitored in real time. A large isotope
effect was found in the interchange rate, which corrobo-
rates the hydrogen-atom tunneling involved in the process.
Furthermore, the interchange motion was found to be
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coupled with the intermolecular vibration, based on which
we propose a mechanism of vibrationally assisted
tunneling.

The experiments were carried out in an ultrahigh-
vacuum chamber equipped with an STM (Unisoku,
USM-1200). The STM images were acquired in constant
current mode at 6 K. An electrochemically etched tungsten
tip was used as an STM probe. A single-crystalline
Cu(110) was cleaned by repeated cycles of argon ion
sputtering and annealing. The surface was exposed to
H,0 or D, 0O gases via a tube doser positioned ~1 cm apart
from the sample surface at 12 K. We conducted the experi-
ments at very low coverages, where water molecules exist
mainly as isolated monomers or dimers. The calculations
were based on the density functional theory using a plane-
wave, pseudopotential code STATE [6]. We used five-layer
Cu slabs with surface water dimers arrayed in a 2 X 3
surface unit cell and a k-space sampling at 16 points.
Adsorbates and two top Cu layers were relaxed. The
STM simulation based on the Tersoff-Hamann approach
[7] was conducted with a 3 X 4 unit cell and finer 64 k
points. In the calculation of the images shown below, the
sample bias voltage and the tip height were set at 24 mV
and 0.5 nm, respectively. We confirmed that the qualitative
features were not affected by the tip height. The vibrational
mode analysis was carried out by diagonalizing the dy-
namical matrices obtained by displacing each atom in the
top Cu layer and adsorbates by 0.02 nm. The molecular
graphics were produced by the XCRYSDEN graphical pack-
age [8].

Figure 1(a) shows a typical image of water monomers
(H,0) located on top of Cu atoms. The molecules were
then forced to migrate along the atomic row (the [110]
direction) by scanning the surface at a high (54 mV)
sample bias, and two monomers encountered each other
to yield a dimer [Fig. 1(b)]. The spontaneous dimerization
is restricted due to the low mobility of the monomers at
6 K. The dimer is characterized by its intermittently fluc-
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FIG. 1 (color online). (a) Constant current image of H,O
monomers. The image was acquired at 0.5 nA tunneling current
and 24 mV sample bias. (b) An image after the area was scanned
at 0.5 nA and 54 mV. This image was acquired at 0.5 nA and
24 mV. The 54 mV scan induced the monomers to migrate and
form a dimer (fluctuating image). The apparent heights of the
monomer and dimer are 60 and 80 pm, respectively. Each image
size is 4 X 16 nm?.

tuating image. Since the surface was scanned horizontally
from the top to bottom, the fluctuating image indicates the
bistable motion of the dimer along the [110] direction.
Once the dimer is formed, it was never dissociated sponta-
neously, suggesting that the dimer is energetically pre-
ferred to the isolated monomers. The dissociation can be
induced by applying a voltage pulse of ~0.2 V onto the
dimer.

The STM image of the dimer shows dramatic change
upon substitution with heavy water. Figure 2(a) shows
STM images simultaneously acquired for (H,O), and
(D,0),. The D,O dimer appears stationary, in contrast to
the H,O dimer, with an asymmetric “‘egg” shape with the
long axis along the [110] direction. The asymmetry is also
discernible for each envelope of the fluctuating bistable
states of the H,O dimer, indicating the same origin but
different dynamical properties of these two species. An
enlarged image for (D,0), is shown in Fig. 2(b). The grid
lines represent the lattice of Cu(110). The long axis of the
egg-shaped dimer is aligned on the atomic row. The dimer
flips between two equivalent orientations, and the counter-
part is shown in Fig. 2(d). Figure 2(c) shows the dimer
which underwent flip-flop motion between the two orien-
tations as the tip was scanned across it.

The stable structure of water dimer on Cu(110) was
calculated by density functional theory, which is shown
in Figs. 3(a) (side view) and 3(b) (top view). The lower-
lying molecule (hydrogen-bond donor) is directly bonded
to the Cu atom, while the higher-lying molecule
(hydrogen-bond acceptor) interacts weakly with the sub-
strate. The vertical displacement between the molecules is
0.067 nm, and the adsorption energy is 56 kJ/mol with
respect to the free dimer [9]. Similar structures have been
proposed for water dimers on close-packed metallic sur-
faces [4,10,11]. Figure 3(c) shows the STM image calcu-
lated for this structure. The image is characterized by the

i FrmEE

T e
ll} |

T l‘

.

|
i T |
py—

FIG. 2 (color online). (a) Constant current image simulta-
neously acquired for H,O and D,O dimers (5.5 X 5.5 nm?).
(b) An enlarged image of the D,O dimer (2.4 X 2.0 nm?). The
asymmetric egg shape reflects the donor-acceptor configuration
of the water dimer along [110]. The grid lines represent the
lattice of Cu(110) that is depicted through nearby monomers
centered on top of Cu atoms. (¢) The D, O dimer flipped between
the two orientations as the tip was scanned horizontally across it.
(d) The counterpart of (b) in the same area. All images were
acquired at 24 mV sample bias. Tunneling current was 0.5 nA for
(a) and 0.3 nA for (b)—(d).
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large and small protrusions over the acceptor and donor
molecules, respectively. The former reflects mainly the 15,
orbital (lone pairs) of the acceptor hybridized with sub-
strate states. The simulation well reproduces the experi-
mental image, and it is now clear that the bistable
fluctuation of the water dimer is ascribed to the concerted
motion of the two molecules that interchange their roles as
donor and acceptor. We note that the interchange proceeds
through the hydrogen-bond rearrangement; the isotope
effect observed in the motion rules out the mutual inter-
change of the two water molecules.

The temporal evolution of the interchange motion was
studied by monitoring the tunneling current over the dimer
with the feedback turned off. The typical result is shown in
Fig. 4(a) for (H,0),. The sample bias during the measure-
ment was 24 mV. The jumps in the current correspond to
the individual interchange events within the dimer. The
distribution of the time intervals between the events ob-
tained at three different tunneling currents is shown in
Fig. 4(b). The data show linear slopes, which were used
to determine the interchange rate. The rate was indepen-
dent of the tunneling current, indicating that the tip effect
on the interchange motion is negligible under the tunneling
condition employed. Accordingly, the interchange rate was
determined to be (6.0 *= 0.6) X 10" s™! for (H,0),. The
rate for (D,0), was determined to be 1.0 = 0.1 s™! in a
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FIG. 3 (color online).

(a) The calculated structure of water
dimer on Cu(110) (side view). (b) The same as in (a) from top
view. The Cu-O distances for the donor and acceptor molecules
are 0.212 and 0.289 nm, respectively. The intermolecular O-O
distance is 0.272 nm. (c) The calculated STM image correspond-
ing to (b). The grid lines represent the lattice of Cu(110).

similar way. The large isotope effect ( ~ 60) suggests that
the rate-limiting process involves quantum tunneling. The
interchange proceeds via the transition state of C, symme-
try [Fig. 4(f)], and the barrier is calculated to be 23 kJ/mol
on Cu(110) while it is 21 kJ/mol on Pd(111) [4]. These
cannot be overcome via mere thermal process, which
corroborates that the interchange proceeds via tunneling.
The interchange tunneling was manifest for gas-phase
water dimers as tunneling splittings corresponding to
~10° s7! for (H,0),. The reduction of the rate by 7 orders
of magnitude partly arises from the increase in the barrier
height from 2.48 kJ/mol (gas-phase value [2]) to
23 kJ/mol. In contrast to the case of free dimers, the
interchange reaction requires substantial displacement of
oxygen atoms for the dimers adsorbed on the surface. The
oxygen atoms have to be displaced in such a way that they
are at the same height—only then might the interchange
tunneling occur. For water dimers on Pd(111), the inter-
change process was argued to be separatable into two
pathways with classical and quantum motions: The accep-
tor molecule is first brought to the same height with the
donor molecule, and then the concerted rotation through
tunneling results in the interchange [4]. This model suc-
ceeded in rationalizing a higher mobility of water dimer
than the monomer on Pd(111) at 40 K [5]. In the present
case (6 K), however, the displacement of the acceptor
molecule may be restricted because it requires 8 kJ/mol.
We propose that the tunneling proceeds along the optimal
directions on the multidimensional potential energy sur-
face with motions not only of hydrogen but also of oxygen
atoms [12]. Thus the reduction of the interchange rate from
the free dimer is ascribed to this mass effect. The multi-
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FIG. 4 (color online). (a) Typical tunneling current recorded
with the tip fixed over the H,O dimer. The tip was slightly
displaced from the center of the dimer along [110]. The sample
bias during the measurement was 24 mV. The current jumps
between the two states at the moments of interchange.
(b) Distribution of the times for the dimer to stay at the two
states. The tip height was varied so that the tunneling current was
0.06, 0.25, and 0.7 nA for the high-current state. The latter two
data are displaced vertically for clarity. (c) Voltage dependence
of the interchange rate for H,O dimer (open circles) and D,O
dimer (open triangles). The tip height was adjusted to give 0.5 =
0.1 nA for the high-current state whose distribution was used to
obtain the rate. The arrows indicate the threshold voltages at
which the rate starts to increase. The thresholds were determined
to be 45+ 1 and 41 = 1 mV for (H,0), and (D,0),, respec-
tively. (d) Current dependence of the interchange rate at 24 mV
(open squares) and 54 mV (open circles) for (H,0), in a
logarithmic scale. The slope for the latter is unity. (e) A normal
mode for (H,0), that couples with the interchange reaction. This
mode involves the motions of donor-substrate stretch and accep-
tor rotation. (f) A schematic diagram of the potential energy
along the interchange reaction pathway. The transition state is of
C, symmetry with the Cu-O distances of 0.226 nm. In addition to
the intrinsic tunneling between the ground states (blue or dark
gray double-ended arrow), the interchange is mediated by the
vibrational excitation (red or light gray arrows). The potential
barrier is 23 kJ/mol (0.24 eV) while the vertical scale is not
realistic.

166101-3



PRL 100, 166101 (2008)

PHYSICAL REVIEW LETTERS

week ending
25 APRIL 2008

dimensional treatment of the tunneling process is essential
for the quantitative description of the interchange motion.

The interchange rate was obtained as a function of the
applied bias voltage [Fig. 4(c)]. While the interchange
motion is intrinsic at low bias voltage, as indicated by
negligible tip effect, it becomes tip assisted at voltages
higher than 40 mV. The threshold voltage is determined
to be 45+ 1(41 = 1) mV for H,O (D,0) dimers. The
dependence of the rate of the tip-induced motion on the
tunneling current is shown in Fig. 4(d). The interchange
rate was obtained at 54 mV sample bias as a function of
tunneling current, from which the intrinsic contribution
(60 s~ 1) was subtracted to evaluate the rate of the induced
motion. The linear dependence indicates that the inter-
change is induced via a single-electron process. For refer-
ence, the rate obtained at 24 mV sample bias is also shown
in the figure, indicating no dependence on the tunneling
current. We propose that molecular vibration is excited via
inelastic electron tunneling that eventually leads to the
interchange motion. The isotopic ratio of the threshold
voltages ( ~ 1.1) suggests that the vibrational mode in-
volves hindered translation of water molecules predomi-
nantly. We assign the mode to motions of donor-substrate
stretch and acceptor rotation [Fig. 4(e)]. The corresponding
vibrational energies were determined to be 36 and 34 meV
for (H,0), and (D,0),, respectively, by the normal-mode
analysis. The other intermolecular modes are much lower
in energy. This mode directly correlates with the inter-
change reaction coordinate. Since the barrier for the inter-
change (0.24 eV) is much larger than the energy transferred
from a tunneling electron (45 meV), the electron-induced
interchange has to proceed through tunneling. Figure 4(f)
shows a schematic diagram of the potential energy along
the interchange pathway. We propose that the interchange
tunneling is assisted by the vibrational excitation (red or
light gray arrows). The reaction yield [related to the in-
crease in the rate in Fig. 4(c)] is ~20 times higher for
(H,0), than (D,0),, which is consistent with this mecha-
nism. For the gas-phase water dimer, the tunneling splitting
changes drastically upon excitation of molecular vibration
[3]. Based on the argument that the vibration should cor-
relate with the interchange reaction coordinate, it was
assigned to the wagging mode of the acceptor molecule.
Since the interchange for the adsorbed dimer requires not
only the hydrogen rotation but also the flip motion of the

water molecules, it is effectively coupled with the mode
involving the translational motion.

In summary, we studied the hydrogen-bond rearrange-
ment within a water dimer and its coupling to molecular
vibration by using an STM. The molecules in a dimer
exchange their roles as hydrogen-bond donor and acceptor,
and the rate was directly determined by monitoring the
interchange events in real time. The large isotope effect
was found between (H,0), and (D,0),, suggesting that
quantum tunneling is involved in the process. The excita-
tion of donor-substrate stretch mode was found to effec-
tively assist the interchange tunneling, highlighting the
sensitivity of the interchange dynamics to the displacement
of oxygen atoms.
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