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Impact of Ice Structure on Ultrafast Electron Dynamics in D,0O Clusters on Cu(111)
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The structure of D,O clusters on a Cu(111) surface and the femtosecond dynamics of photoexcited
excess electrons are investigated by low-temperature scanning tunneling microscopy and two-photon
photoemission spectroscopy. Two types of amorphous ice clusters, porous and compact, which exhibit
characteristic differences in electron dynamics, are identified. By titration with Xe we show that in both
structures solvated electrons preferentially bind on the cluster surface.
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Heterogeneous charge transfer (HET) across interfaces
is a key process in various fields of physics, chemistry, and
biology [1]. Besides the fundamental importance, HET is
also technologically highly relevant for dye-sensitized so-
lar cells, nanoscale electronic devices, as well as for elec-
trochemistry [1,2]. However, the details of the interfacial
electronic and molecular structure are often unknown, in
particular, for complex interfaces of colloidal particles or
solid-liquid interfaces. In contrast, surface science studies
of molecular adlayers on single crystal surfaces allow for
systematic investigations of the dynamics of HET across
well defined interfaces [3]. A model system for HET is
photoinjection of excess electrons in an adlayer of polar
molecules—such as water—Ileading to the formation and
localization of solvated electrons, which are localized and
stabilized by the polar environment [4—7]. Thereby the
transient confinement of the solvated electron’s wave func-
tion results in a varying degree of overlap with metal states
leading to a dynamically changing transfer rate [8].
Combining structural probes of the molecule-solid inter-
face with time-resolved spectroscopy would therefore
yield microscopic insights into the relation between struc-
ture and dynamics on an elementary level. This approach
requires a structural probe on a molecular length scale in
combination with a method that is sensitive to dynamics on
the femtosecond time scale.

In this Letter we present a structural and electronic
characterization of amorphous D,O clusters deposited
onto a Cu(111) single crystal surface employing low-
temperature scanning tunneling microscopy (STM) com-
bined with femtosecond time-resolved two-photon photo-
emission (2PPE) spectroscopy. We show that understand-
ing of the cluster structure is crucial for excess electrons in
water as the existence of pores in amorphous clusters leads
to pronounced changes of the observed electron binding
energy and its respective dynamical evolution. By titration
experiments we reveal the binding-site of solvated elec-
trons at the ice-metal interface.

Ice clusters are grown by expansion of D,O vapor into
ultrahigh vacuum onto the Cu(111) surface at 85 K. The
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D,O coverage is normalized to the mass equivalent of one
wetting bilayer (BL) of crystalline ice on the Cu(111)
surface. We image the clusters with a low-temperature
STM, which facilitates measurements at 5 K. The non-
destructive imaging of water clusters is enabled by the sub-
pA stability of the STM that avoids tip-induced modifica-
tions [9]. The binding energy and femtosecond dynamics
of excess electrons in the ice clusters are investigated at
30 K by time-resolved 2PPE spectroscopy using a tunable
femtosecond amplified laser system [10]. The pump (UV)
and time-delayed probe (VIS) pulses (40 fs duration) excite
and photodetach electrons, respectively [Fig. 1(d)]. Their
kinetic energy E,;, is measured by a time-of-flight spec-
trometer as a function of time delay with an energy reso-
Iution <20 meV. The spectra are plotted versus the
intermediate state energy with respect to the Fermi level
E—Er=Egs +P— hvyg, ®=E,. — Epis the sam-
ple work function [11].

Figures 1(a) and 1(b) present STM images of ice clusters
on Cu(111). Deposition of D,O at 85 K leads to three-
dimensional clusters with a narrow size distribution as
imaged by STM [Fig. 1(a)]. They exhibit neither long-
nor short-range order and no defined shape in any direction
(inset). In agreement with present understanding [12] we
conclude that these clusters are amorphous. Annealing to
120 K for 2 s changes the appearance of the clusters
[Fig. 1(b)]. Their size distribution broadens and less metal
surface area is covered with ice clusters although no de-
sorption of D,0 is encountered. We estimate the cluster
height by measuring the apparent height 4 of ice clusters
before and after annealing as a function of tunneling
voltage U. Figure 2(a) shows a typical result for h(U)
before annealing. Note that an extremely low current of
500 fA is employed in order to reduce electron induced and
mechanical manipulation at U > 250 mV [13]. At non-
destructive tunnelling conditions, % is 0.3 nm [Fig. 2(b)].
Here, tunneling occurs through the ice band gap directly to
the metal and % underestimates the real height consider-
ably. Up to the conduction band onset 4 varies weakly with
U. At U> 2.7 eV a pronounced increase of h occurs
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FIG. 1 (color online).
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(a),(b): STM images of 1 BL (nominal coverage) amorphous D,O/Cu(111) as deposited at 85 K (A; 0.2 V,

1 pA) and after annealing at 120 K (B; 0.1 V, 9 pA). As apparent from the high resolution images (insets) both structures are
disordered, i.e., amorphous. The line scans (c) depict the apparent height / in nm and the real height in BL before and after annealing.
(e),(f): 2PPE spectra of 0.8 BL D,0O/Cu(111) at different pump-probe delays (right axis). Features at energies >3.3 eV result from the
Cu(111) surface (SS) and image potential state (IPS). The peak in the spectra of porous ice (e) originates from solvated electrons (e;)
and its intensity decreases after transition to compact clusters (f). (d) In 2PPE a UV pulse excites metal electrons that are transferred to
the ice conduction band (CB). A time-delayed VIS pulse probes the transient electron population.

[Fig. 2(c)]. The saturation at 3.5 eV yields the height of
1.1 nm [Fig. 2(d)]. At this voltage electrons tunnel into the
ice conduction band and /% is close to the geometrical
height. Normalization of 4 to the respective ratio of appar-
ent and real height facilitates the determination of the
change in cluster height upon annealing. We find that the
structural transition at 120 K is accompanied by a decrease
in cluster height by 1 BL as depicted by the line scans in
Fig. 1(c). The molecular resolution image [14] shows that
water molecules are still disordered and therefore amor-
phous (inset). Comparison of the total volume of all im-
aged clusters before and after heating yields that the
integrated cluster volume is reduced by 40(8)%. We con-
clude that the as-grown clusters [Fig. 1(a)] consist to a
large extent of pores [15]. We will refer to these structures
as porous amorphous and compact amorphous ice and
show below that porous structure has considerable impact
on the electron dynamics.

Femtosecond time-resolved 2PPE spectra of ice clusters
prepared under nominally identical conditions are given in
Figs. 1(e) and 1(f). They exhibit contributions from ice
clusters and bare Cu(111), which are easily distinguished,
because the electronic structure of the Cu(111) surface is
well known [16]. In both datasets, the peak at £ — Ep =
3.6 eV results from the Cu(111) surface state (SS), 0.4 eV
below Ef. In contrast, the feature e, represents electrons in
the adsorbate which exhibit a finite lifetime. With increas-
ing time delay the peak maximum shifts towards Ep; i.e.,
the binding energy increases. Based on our earlier studies
[7,8,17] we assign this feature to the formation of solvated

electrons. Figure 1(d) schematically depicts the photo-
induced transfer of metal electrons into delocalized states
in the ice where the electrons localize at solvation sites and
are stabilized by a rearrangement of neighboring polar
molecules. The residence time of these excess electrons
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FIG. 2. (a) Dependence of the apparent height of porous amor-
phous ice clusters on tunnelling voltage. (b)—(d) Line scans at
the voltages indicated in (a) for tunneling through the band gap
at 0.3 V (b), at the lower band edge of the conduction band at
2.9 V (c), and through the conduction band of the ice clusters at
3.5V (d); I =500 fA, 0.8 BL.
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is limited by electron transfer back to the metal, which
competes with the screening and stabilization of the hy-
drated electrons by solvent molecules that enables the
finite lifetime of the hydrated electrons [8].

Figure 1(f) presents 2PPE data of compact amorphous
ice clusters. Comparison with the results of porous clusters
[Fig. 1(e)] shows that the spectral signature e, is also
observed for compact clusters. However, at 0 fs the peak
maximum occurs 140 meV lower in energy. Thus, solvated
electrons are more strongly bound in the compact structure.
The transient shift of the peak maxima as a function of time
delay is given in Fig. 3 for both structures. Because of the
slower solvation dynamics for compact clusters the peak
maximum of e, reaches after 200 fs the same energy
(2.6 eV) as in the porous ice; i.e., the hydrated electrons
achieve an equivalent stage of solvation for both structures.

The transient population of e, is also affected by the
structural transition. Figures 1(e) and 1(f) show that the
formation probability of solvated electrons measured by
the 2PPE intensity at # = O fs is lower for compact clus-
ters. At later delays the population dynamics also differ as
shown in the inset in Fig. 3. The transient hydrated electron
population of porous and compact clusters are fitted with a
single exponential decay (solid lines) convolved with the
pulses’ cross correlation envelope (dashed line). The decay
time of porous D,O is 30% faster [7 = 36(5) fs] than for
compact ice [7 = 50(5) fs]. This considerable impact of
the ice cluster structure on the solvated electron’s ener-
getics, its formation probability, and lifetime demonstrates
the sensitivity of the electron dynamics to the local
environment.

To gain microscopic insight into this structural depen-
dence of the dynamics identification of the actual binding
site is required. Thus, we now address the question whether

3.0 7 e, peak 5
] maximum 1 =3
0o N, 82
~E 5 F015 8
) 28 J pulse“. y_a,.%
mu- ' : 0 enlv?l(l)plel‘l TTTT I TTT 0-01
! ] 100
W 27 delay (fs)
¢ porous
2.6 ] A compact
1= exp. fit
L R L R I R
0 100 200 300
delay (fs)

FIG. 3. Transient shift of the peak maximum of e in porous
and compact amorphous clusters. Inset: Population decay of e;.
The population (symbols) is determined by integrating E =
2.58-3.17 eV. Fits (solid lines) consist of an exponential decay
to positive delays convolved with the laser pulses’ cross corre-
lation envelope (dashed line) [8].

the hydrated electrons are localized on the surface or in the
bulk of the ice clusters [18—20]. For this purpose we adsorb
a xenon overlayer on the cluster-covered Cu(111) surface
(Fig. 4, top) and obtain simultaneously 2PPE spectra. We
assume that in the case of bulk solvation the hydrated
electron does not interact with the xenon atoms, because
it is surrounded and screened by water molecules. Only the
net electric field of the solvation shell could polarize the
Xe, which is a weak effect. However, for electron solvation
on the surface of the ice clusters considerable changes in
the photoelectron spectra are expected, since the localized
charge would be directly affected by the presence of the Xe
atoms due to (i) their polarizability and (ii) a confinement,
“squeezing”, of the solvated electron’s wave function
[21].

The peak position of e, as a function of Xe exposure for
porous (diamonds) and compact amorphous ice clusters
(triangles) on Cu(111) is depicted in Fig. 4. Upon titration,
e, shifts for both types of amorphous clusters by more than
400 meV to higher energies [22]. As discussed above, we
assign this pronounced effect to a direct interaction of the
Xe atoms with the localized charge; i.e., the Xe atoms
confine the hydrated electron’s wave function and are
polarized by the localized charge. Our titration experiment
thus clearly shows that the solvated electrons are localized
on the surface of both the porous and compact amorphous
clusters. This emphasizes that the surface is considerably
more favorable for electrons than bulk sites and structural
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FIG. 4 (color online). Energetic shift of e, as a function of Xe
exposure (Af =0 fs). 1.6 X 1077 mbars correspond to 1.0(5)
ML (dashed line) calibrated on bare Cu(111). Inset (top):
Schematic representation of the titration experiment. Inset (bot-
tom): Spectra of compact clusters on Cu(111) before and after
coadsorption of 2 ML Xe.
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modifications in the bulk like pores are not sufficient to
bind electrons. Considering the image potential in front of
a metal surface this finding might appear counterintuitive.
The image potential stabilizes electrons the better the
closer they are to the metal and would therefore favor
bulk solvation. However, the polar water molecules screen
the hydrated electron from the environment including the
metal substrate in agreement with the observed binding site
at the ice-vacuum interface. The lower inset of Fig. 4
shows 2PPE spectra of compact amorphous ice clusters
on Cu(111) before (black line) and after adsorption of 2
ML Xe. In addition to the shifted peak e! we observe a
second, weaker feature el at 2.8 eV. Apparently a minority
of the solvated electrons, namely, isomer e?, remains un-
affected by the Xe adsorption. They are attributed to sites
that are not titrated with Xe. However, the pronounced shift
of el evidences that surface solvation dominates.

Having identified the binding-site of the excess elec-
trons, the origin of the stronger binding and longer lifetime
of the solvated electrons in compact clusters becomes
apparent. It results from the higher density of D,O mole-
cules underneath the electrons compared to the ones on top
of the porous clusters: A better screening of the excess
charge is facilitated. This effect dominates over the influ-
ence of the electron-metal distance, which is ~1 BL
smaller in the case of compact clusters. A higher number
of unbound hydrogens in the porous structure may lead to a
more efficient stabilization; such a scenario is consistent
with the observation of a faster peak shift in case of the
porous clusters. Our study shows that the structural
changes initiated by annealing (AT = 35 K) critically de-
termine the electron solvation and transfer dynamics at the
interface.

In gas phase studies of water cluster anions the binding
site of the hydrated electrons—surface vs bulk—is a long-
standing issue [18,19,23]. Adsorbed clusters, as investi-
gated here, are certainly perturbed by a metal substrate
(Fig. 1). We find, however, that the excess charge is
screened from the metal. Thus, it is meaningful to compare
hydrated electrons in supported and gas phase clusters. We
consider the number of molecules in a sphere with a
diameter of the real height of the supported clusters as a
lower limit of a corresponding gas phase cluster and obtain
a cluster size >30 molecules. In this regime early gas
phase studies reported bulk solvation [18,23] albeit theory
favors surface solvation [19]. Only recent modifications on
the cluster preparation resulted in observation of a new
isomer attributed to surface solvation [18]. Thus it is
remarkable that for our supported clusters surface solva-
tion clearly dominates.

In conclusion we have identified porous and compact
amorphous D,O clusters and find that energy and popula-
tion dynamics of solvated electrons are sensitive to the
porous or compact amorphous structure. By coadsorption

of Xe we determine the ice-vacuum interface as the sol-
vation site of electrons. Our results access the spatial and
temporal dimension on microscopically relevant scales and
prove the close relation of ultrafast dynamics and molecu-
lar structure in interfacial electron transfer processes.
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