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ABSTRACT: The hydrated electron on solid surface is a
crucial species to interfacial chemistry. We present a joint
low-temperature scanning tunneling microscopy and
density functional theory investigation to explore the
existence of a transient hydrated electron state induced by
injecting tunneling electrons into a single water nonamer
cluster on Cu(111) surface. The directional diffusion of
water cluster under the Coulomb repulsive potential has
been observed as evidence for the emergence of the
transient hydrated electron. A critical structure trans-
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formation in water cluster for the emergence of hydrated electron has been identified. A charging mechanism has been
proposed based on density functional theory calculation and scanning tunneling microscope results.
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n excess electron can be trapped in a nanostructure
Aconsisting of a few water molecules, resulting in a
localized charge state called solvated electron or
hydrated electron.'™ Hydrated electron plays a key role in
physics and chemistry, and it has been implicated in a wide
variety of phenomena in biology such as genetic damage.”™*
Since its discovery in 1962, hydrated electron has attracted
extensive investigations, and significant progress has been made
in probing the structure and dynamics of this fascinating
state,”~'” mostly by spectroscopy on vapor/liquid phase water.
It has been suggested, by vibrational spectra, that the excess
electron binds to a double-acceptor (AA) molecule which
accepts two hydrogen bonds from adjacent molecules but does
not donate any hydrogen bond to the others. Pump—probe
experiments also reveal that the excited-state lifetime of the
hydrated electron in bulk water and isolated water clusters lies
in the range from tens of femtosecond to picoseconds."' ™"
Real-space imaging of hydrated electrons, however, has not
been possible, and very little is known about hydrated electrons
on solid interfaces at the microscale which are relevant to a
broad range of physicochemical phenomena and technological
processes such as corrosion, lubrication, heterogeneous catalysis
and electrochemistry. Even though neutral water clusters on
various metal surfaces have been probed by scanning tunneling
microscope (STM) for a long time, charged state of water
cluster on surface has not been reported yet, mainly because of
the strong screening effect of the conducting substrates.
Although the hydrated electron is not a lowest-energy stable
state on metal surfaces, a transient charge state can be induced
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by injecting electrons to the water clusters on a surface with an
STM tip. Here, we present our investigation on this transient
charge state of water cluster on Cu(111) surface, by employing
a low-temperature STM and first-principle density functional
theory (DFT) calculations. With unique capabilities of
STM,"*™*! we are able to image the structure of individual
neutral water clusters, induce the transient charge state, and
illustrate the signatures of charged water clusters. The structure
of water clusters from DFT calculation explains well the
observed changes in cluster conformation after the transient
charge injection. In addition, a charging—discharging reaction
path is proposed based on the results of both experiments and
theoretical calculations.

RESULTS AND DISCUSSION

Individual water molecules are mobile on Cu(111) surface at
temperature of 10 K;*>~** they start to form clusters after a
period of hours after deposition that are thermally stable for
STM imaging, typically at sample bias of 20 mV and tunneling
current of 10 pA. Figure la presents a typical STM image of
such clusters on Cu(111) surface with ~5% monolayer water
coverage. Water clusters are shown as protrusions in the image.
The basic building block of water clusters is the cyclic hexamer
(H,0)s with a 6-fold symmetric structure. As previously
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Figure 1. (a) STM image of water clusters on Cu(111) surface.
Image size: 20 X 20 nm® Image is taken under sample bias of 20
mV and tunneling current of 10 pA. (b—e) STM images of single
water cluster of different sizes: hexamer (b), heptamer (c), octamer
(d), and nonamer (e). Image size: 2 X 2 nm?,

revealed by Michaelides and Morgenstern,”>*® the hexamers on

Cu(111) surface prefer a buckled bilayer structure. And a
hexamer can be hydrated by one, two, or three additional water
molecules leading to heptamer (H,0),, octamer (H,0)g, and
nonamer (H,0), Figure 1lb—e presents high-resolution
topographs of water clusters from hexamer (b) to nonamer
(e), as observed in our experiment. The additional water
molecules in heptamers, octamers, and nonamers are clearly

resolved as bright lobes. For example, the topograph of
nonamer shows three bright lobes arranged in a regular triangle.

These water clusters on Cu(111) surface are neutral due to
strong screening effect of the conducting metal substrate. To
induce the charge state in a single water cluster, we positioned
the STM tip aside a water cluster, turn off the feedback loop,
increase the sample bias to a high voltage, and wait for a period
of seconds before returning back to the normal scanning
condition. The topograph taken after such an operation reveals
a directional motion of the water cluster. Figure 2a—h presents
a series of STM images illustrating such operation on a
nonamer water cluster. The bright feature at the bottom left in
each image is an atomic upper-terrace on Cu(111) surface,
which is used as a reference object in image analysis. The
position of STM tip during the voltage pulse operation is
indicated by the yellow mark in each image, while the white
arrow indicates the motion of the cluster after the voltage pulse.
The water cluster always moves away from the tip center, and
its structure is distorted from the original regular triangle. (The
cluster in Figure 2a is not the original cluster before the first
voltage pulse operation, and it is distorted as well.) To
quantitatively explore the underlying mechanism, we performed
the experiments with various bias voltage and current
amplitude, and statistically measured the position of water
clusters after each voltage pulse operation. For simplicity, we
choose only nonamers to perform the operation since it is
relatively easier to determine the center of the cluster. The
same phenomena are observed on water clusters of different
sizes as well. Panels i and j of Figure 2 present the distance
(denoted as D) between tip and cluster after voltage pulse
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Figure 2. (a—h) Sequential STM images (15 X 15 nm*) showing directional motion of a single nonamer on Cu(111) surface. Yellow crosses
indicate the initial tip position and white arrows indicate the motion direction and distance. (i) The postdiffusion distance D as a function of
sample bias voltage. The red curve corresponds to a polynomial fitting. (j) The postdiffusion distance D as a function of the tunneling current
amplitude. Sample bias voltage is 1.0 V. The red line represents a linear fitting.
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operations as a function of bias voltage and tunneling current
amplitude, respectively. Each data point was statistically
analyzed from about tens of operations. The error bars on
Figure 2i indicate the mean square deviation at each operation
condition. The relation between distance D and tunneling
current amplitude is linear, while nonlinearity is apparent as the
bias voltage varies. We note that the postdiffusion distance D
does not depend on the initial distance between the tip and the
cluster, as long as it is within a specific range. For negative
sample bias, the water clusters move away from the tip center
too, but the diffusion distance D depends weakly on the voltage
amplitude (see Supporting Information Figure S1).

We attribute the observed directional motion of water cluster
to the consequence of transient Coulomb repulsive interaction,
although there are many other methods and mechanisms that
may result in the motion of molecules on surface, including
STM tip manipulation,”” thermal diffusion, dig)ole interac-
tions,”® electronic excitation,” photoexcitation,  and static
Coulomb force. We can easily exclude the possibility of tip
manipulation and photoexcitation since the STM tip in our
experiment is stationary and there is no light illumination. The
effect of dipole interaction can be excluded as well since a
polarized molecule always feels a lateral force pointing toward
the center of the tip where the magnitude of electric field is
highest, which is opposite to our observations. Pure electronic
vibration excitation, which shall result in random diffusion,®
cannot explain the directional motion of water cluster either.
For a statically charged cluster, the direction of Coulomb force
depends on the bias, and the clusters would diffuse toward the
tip under negative sample bias, which is not supported by the
observations. For a transient charge induced by the tunneling
current, the charge (electron or hole) depends on the bias
polarity (electron by positive sample bias and hole by negative
sample bias) and always results in a repulsive Coulomb force.
The above analysis and our experimental observation thus lead
to a rational conclusion that the motion of water clusters is due
to a transient Coulomb repulsive force when the clusters are
charged during the voltage pulse operation. Due to the direct
coupling of water clusters with the metallic surface, the lifetime
of this charge state of water clusters is very short. We note that
both the lowest unoccupied molecular orbital (LUMO) and the
highest occupied molecular orbital (HOMO) of isolated water
molecules are a few electronvolts away from the Fermi level.
Inducing a hydrated electron state on surface, however, requires
much less energy as the tail of LUMO state lies much closer to
the Femi level due to the interaction with the electrons in the
substrate. Considering the mechanism of excitation, the most
plausible charging path is through inelastic tunneling electron
excitation.”’ The interaction between water clusters on
Cu(111) surface through the surface state was previously
reported by Morgenstern and co-workers with the evidence of
distance distribution oscillation.”” In our study, we do observe
the scattering of surface state by the water clusters, and the
diffusion of the water cluster clearly alters the standing wave
pattern. To minimize interactions between water clusters, we
purposefully choose well-separated water clusters (at least
several nanometers apart) in which the effect from cluster—
cluster interaction is minor and ignorable. We also note that
such phenomena has not been observed on other metal surfaces
besides Cu(111).

To have a better understanding of this Coulomb repulsive
force, we model the STM junction with a spherical conducting
ball of radius R and a conducting flat surface. Then, the
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electrostatic potential energy near the surface can be express as
2RzqV
Uz, 1) ~ e
separation, z is the distance above the surface, g is the charge
of the cluster, and V is the bias voltage (see Supporting
Information for detailed derivation). When the water cluster is
in charge neutral state, g = 0, the Coulomb potential exerts no
force on the cluster. When the cluster is charged, however, it
undertakes a significant Coulomb repulsive force. Assume that
the cluster will stop at the position where the Coulomb
potential equals the diffusion energy barrier ¢ along the surface,
we get the relation between the bias voltage V and the final
diffusion distance D, V = H(D” + 2HR)
2Rzlql
Figure 2i with this function derives HR = 2.4 + 0.5 nm? and

[ 2 . .. .
2Relg = 0.053 + 0.003 V/nm". Taking the tunneling junction

separation as 1 nm, the radius of curvature of the tip end R is
about 2.4 nm. If we take the effective charge q as a unity of one
electron and estimate the height of the water cluster to be 0.3
nm, then the diffusion energy barrier will be about 76 meV,
which is on the same order of magnitude as derived from other
experimental investigations.”>*’

To reveal the detailed molecular structure of charged water
clusters on Cu(111) surface, we carried out first-principle
calculations within the framework of density functional theory
(DFT). We first calculated the ground state of neutral water
nonamers in various conformations without including the
substrate. The most stable molecular structure of a neutral
water nonamer is shown in Figure 3a, which has been

where H is the tunneling junction
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Figure 3. Geometric and electronic structures of model water
clusters. (a) Homodromic structure (H9), (b) mirror symmetric
structure (M9), and (c) density of states of H9 (blue curve) and M9
(red curve).

addressed in most of previous STM experiments and DFT
calculations.”*® Such nonamer structure possesses six central
H,O molecules forming a cyclic homodromic hexamer, where
each H,O molecule acts as single H-bond donor and single H-
bond acceptor. All the central six molecules are parallel to a
same plane. Three additional H,O molecules are linked to the
central hexamer as H-bond acceptors. We denote this nonamer
structure as 1,3,5-H9, where 1,3,5 indicates the positions of
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three periphery H,O molecules and H indicates the inner
homodromic hexamer. The 1,3,5-H9 nonamer possesses a 3-fold
rotational symmetry. The substrate-excluded electron density of
state (DOS) in a 1,3,5-H9 nonamer is shown in Figure 3c. The
energy levels are broadened to simulate the influence of the
substrate, as explained later. By excluding the substrate in this
calculation, we can survey tens of cluster conformations with
reasonable computation time. In addition, it presents the
electronic structure only of water clusters, which are helpful in
identifying the corresponding states in the comprehensive
substrate-included calculations. After identifying a few low-
energy conformations, we added a five-layer 6 X 6 Cu(111)
supercell to the model, simulating the influence of the substrate,
to calculate more realistic electronic structures. Including
substrate in the calculation results in the hybridization of states
between water molecules and the copper atom. The splitting in
molecular orbitals can be seen in the projected density of states
(PDOS) of nonamers (see Supporting Information Figure SS).
The broadening is about 0.2 eV, and such value is adopted in
broadening the energy levels in Figure 3c.

In this study, we focus on the possibility of attaching electron
to the water clusters. In a hydrogen bond network, each water
molecule can simultaneously accept and donate two hydrogen
bonds at most. In a 1,3,5-H9 nonamer, water molecules are
divided into three groups: three one-acceptor-two-donor
(ADD) molecules, three one-acceptor-one-donor (AD) mole-
cules, and three one-acceptor (A) molecules. Since the extra
electron tends to be doped into a LUMO state, we carefully
examined the spatial distribution of LUMO state in various
cluster conformations. Due to interaction with the substrate,
the states are nondegenerate and we identify the LUMO state
as the one with significant contribution from water molecules
and the lowest energy among the split states. As shown in
Figure 4a, we plot the LUMO state of 1,3,5-H9 nonamer on

Figure 4. Top and side views of LUMO state in H9 (a) and M9 (b)
nonamers on Cu(111) surface.

Cu(111) surface, which is distributed over all water molecules
with slight difference reflecting variation in hydrogen bonding,
We notice that the dangling hydrogen bond in a water cluster is
closely associated with the LUMO wave function. This implies
that an extra electron tends to be trapped by the dangling
hydrogen bond. After surveying various other possibilities in
arrangement of hydrogen bonds in a nonamer, we found an
interesting structure in which one water molecule accepts two
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hydrogen bonds (double-acceptor, AA) but does not donate
any hydrogen bond (with two dangling hydrogen bonds), as
shown in Figure 3b. We denote this nonamer as 1,3,5-M9 since
the central hexamer possess a mirror symmetry. The double-
acceptor molecule lies along the symmetry line and
perpendicular to the copper surface. The calculated density of
states of a 1,3,5-M9 nonamer (red curve in Figure 3b) shows its
LUMO energy of about 2.5 eV, significantly lower than that of
a 1,3,5-H9 nonamer. It implies that M9 is easier to be charged
by a low energy electronic excitation. Figure 4b shows the
optimized geometry of 1,3,5-M9 on Cu(111) surface, as well as
the spatial distribution of its LUMO state. It is clear that
LUMO is localized at the double-acceptor water molecule,
which looks like a half dumbbell. The localized LUMO state
increases the possibility of accumulating excess electrons in an
M9 nonamer. This result is very similar to that of gas-phase
water cluster anions (H,0);_s, where the electron is closely
associated with a single water molecule attached to the H-bond
network through a double H-bond acceptor motif.""

To explore the details in the charging process, we estimate
energy of both neutral and charged H9 and M9 nonamers on
Cu(111) surface with different arrangement of periphery
molecules. The total electronic energy of a charged nonamer
is calculated by adding the energy of corresponding neutral
species on the surface and the LUMO energy (with respect to
the Fermi level). Since the Coulomb energy is ignored with
such treatment, the energy difference between a charged cluster
and a neutral one is not accurate. However, the energy
difference between charged species alone is believed to be
reasonably accurate. It turns out that the 1,3,5-nonamer is more
stable than 1,2,4-nonamer for the neutral H9, charged H9~, and
the charged M9™. For neutral M9 nonamer, the 1,2,4-M9
configuration is more stable, 81 meV lower in total energy than
that of 1,3,5-M9. Among all configurations we examined, 1,3,5-
H9 is the most stable species. For charged species, 1,3,5-M9™ is
the most stable configuration, with an energy difference of 346
meV as compared to 1,3,5-H9”. Experimentally, we noticed
that most 1,3,5-nonamers are distorted after voltage pulse
operation, resulting in a 1,2,4-nonamer configuration, as shown
in Figure Sa. Combining the theoretical calculation results and
experimental observations, we propose a plausible charging
path in nonamer water clusters as follows: (1) the water
molecules diffuse and aggregate into a neutral 1,3,5-H9 cluster
on Cu(111) surface; (2) an electron is injected into 1,3,5-H9
cluster through inelastic tunneling, forming a charged 1,3,5-
H9™ cluster; (3) the interaction between the excess electron
and the cluster phonon turns the cluster into a 1,3,5-M9~, with
the electron trapped to the double H-bond acceptor; (4) the
excess electron transport to the conducting metal, leaving a
neutral 1,3,5-M9 cluster on the surface; (S) the 1,3,5-M9
cluster relaxes to a lower-energy 1,2,4-M9 configuration.

The lifetime of the charged 1,3,5-H9™ cluster is on the order
of femtosecond, since it is just a pure electronic excitation on
metal surface. Besides the transition back to the neutral 1,3,5-
H9 state directly, the charged water cluster may also change its
structure into 1,3,5-M9~ configuration to embrace the excess
electron, leading to the emergence of the hydrated electron
state. The lifetime of this hydrated electron state is expected to
be much longer, since the hydrated electron state in nature is a
polaron resulting from the quantum coupling of the excess
electron and molecular phonon. A lifetime of picoseconds for
hydrated electrons in water clusters, in both gas phase and solid
phase, has been reported by many previous studies.'”'>'*> We

DOI: 10.1021/acsnano.6b00230
ACS Nano 2016, 10, 4489—4495


http://pubs.acs.org/doi/suppl/10.1021/acsnano.6b00230/suppl_file/nn6b00230_si_001.pdf
http://dx.doi.org/10.1021/acsnano.6b00230
http://pubsdc3.acs.org/action/showImage?doi=10.1021/acsnano.6b00230&iName=master.img-004.jpg&w=215&h=180

ACS Nano

a Ho (HQ‘)

e
0,&,0‘,
‘2Ca'l's

a”a”a‘

l .

Energy

AN
AN

88 meV

H9

M (M9

F
'o’ﬁ'o
e
Alnle!

............... L

STM images

.l

ol |

.

.............. T
| 346 meV
M9™
—_30meV v

105 meV

Figure 5. (a) Structure models of 1,3,5-nonamer and 1,2,4-nonamer clusters and the corresponding STM images (2.4 X 2.4 nm?) of nonamers
before and after excitation. (b) Energy alignments of H9/H9~ and M9/M9~ with 1,3,5-nonamer and 1,2,4-nonamer structure. Arrow indicates

the most plausible charging path.

suggest that the structural transformation of water clusters on
Cu(111) surface, from a homodromic structure to a mirror
symmetric structure, is a critical step for trapping the excess
electron, which results in the redistribution of hydrogen-bond
network and the formation of new localized low-lying
molecular orbitals in water clusters. The transition barrier
energy between homodromic H6 and mirror symmetric M6 is
about 0.52 eV, based on climbing image nudged elastic band
(NEB) method calculation (see Supporting Information Figure
S6).

When the excess electron transports to the conducting
substrate, the resulting neutral 1,3,5-M9 cluster will relax to a
lower-energy 1,2,4-M9 configuration. The activation energy for
a peripheral water transfer from one site to another site on the
underlying hexamer is about 0.29 eV, as derived in ref 24. The
neutral 1,2,4-M9 cluster, being 24 meV higher in energy than
the 1,3,5-H9, is a kinetically trapped state that is stable on
surface during STM imaging. This is because of a high
transition energy barrier between the two species. Consider
thermodynamic stability, the 1,2,4-M9 cluster could restore to
the 1,3,5-H9 structure if it is waited for longer time and the
substrate temperature is raised; therefore, it is possible that the
full cycle can be completed for water cluster manipulation.
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Given the conducting nature of metal substrate, the hydrated
electron states induced on metal surfaces are surprising, and
would be of fundamental importance to understand electronic
processes in electrochemistry, water photocatalysis, and ice
nucleation, as well as bringing new physics to water science and
surface engineering.

CONCLUSIONS

In summary, we demonstrated directional manipulation of
individual water cluster on Cu(111) surface through inelastic
tunneling electron, and the existence of a transient charge state
has been identified through the diffusion kinetics under the
Coulomb repulsive potential. Combining DFT calculations and
STM experimental results, the charging mechanism has been
revealed at the atomic scale for generating hydrated electron in
water cluster on metallic surface. Our findings provide
fundamental information for future studies in detection and
manipulation of hydrated electrons on water/solid interfaces.

EXPERIMENTAL SECTION

Our experiments were carried out in a home-built ultrahigh-vacuum
(UHV) STM which is similar to that developed by B. C. Stipe et al. in
Prof. Wilson Ho’s research group.®® The microscope utilizes a Besocke
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“beetle” type scanner’”** and is well-suited for tunneling spectroscopy

and manipulation for single molecule studies. The base pressure of the
system is below 1 X 107'° Torr and the operation temperature is
around 10 K.*° The single crystal Cu(111) was purchased from
MaTecK GmbH. After thorough outgas at 500 K, the crystal surface
was prepared by multiple cycles of Ar* sputtering (1 keV in energy and
S min each cycle) and annealing at 800 K (500 K for the last cycle).
The cleaned Cu(111) crystal was then transferred to the STM stage
and cooled to around 10 K with liquid helium. Ultrapure water was
obtained from Millipore Company and further purified by freeze—
pump—thaw cycles using liquid nitrogen. The water vapor was then
introduced into the UHV chamber via a leak valve and deposited
straightly onto the surface of Cu(111) crystal in the cold STM stage.
The water coverage varies between 2% and 20% in our experiments.
There was no anneal performed after deposition of water clusters, and
all STM manipulation and imaging were performed at the temperature
around 10 K.

We carried out first-principle calculations within the framework of
density functional theory (DFT), employing Projector-Augmented-
Wave (PAW) pseudopotentials and the Perdew—Burke—Ernzerholf
(PBE) form of the exchange-correlation functional,”” * as imple-
mented in VASP code.*® The substrate consists of five-layer Cu(111)
atomic slabs with a lattice constant of 2.56 A taken from experimental
values. A Cu (6 X 6) supercell is used to accommodate the water
nonamer. For gas phase water clusters, the structure and energetics are
again checked against larger supercell size 30 X 30 X 20 A® to
guarantee that the spurious Coulombic interaction between periodic
images is negligible. We employ an energy cutoff of 400 eV for plane
waves, and the criterion for total energy convergence is set to 107 eV.
The density of states (DOS) in an isolated water clusters is broadened
to simulate the interaction with the substrate.
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