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Using combined path integral-molecular dynamics simulation techniques, we analyze electronic solvation at
the water/air interface. Superficial electrons present a considerable extent of spatial confinement, somewhat
less marked but still comparable to that found in bulk. The characteristics of the interfacial polarization promote
an overall structure for the solvated electron-polymer which looks flatter along the direction perpendicular
to the interface. Spatial and orientational responses of different slabs in the close vicinity of the interface
were also investigated. Solvent configurations obtained from the simulations have been used to analyze
electronic excited states and the optical absorption spectrum of superficial electrons. Compared to bulk results,
the distribution of bound electronic states at the surface presents similar characteristics, that is, a ground
s-state and three, quasi-degenerate, p-like excited states. The reduction of the energy gap between the ground
state and the rest of excited states leads to a∼0.52 eV red-shift in the position of the absorption maximum.

I. Introduction

In this article, we will focus on excess electrons adsorbed at
the water/air interface. In a broader context, the subject is akin
to that of surface ionic solvation,1-4 which is of fundamental
importance in a wide variety of problems related to chemical
reactivity in aerosols, atmospheric chemistry, electrochemistry,
and heterogeneous catalysis as well.5-9 Perhaps the most clear
feature that distinguishes bulk from interfacial environments is
the lack of translational symmetry in the latter. From the
microscopic point of view, the reduction in dimensionality gives
rise to large anisotropies in the force fields that drive the
dynamics of the particles; these modifications, in turn, lead to
changes in interparticle connectivity patterns,10,11 orientational
correlations,12 and alterations in the single molecule and
collective dynamical modes as well.13-17

The subject of ionic solvation at interfaces still continues to
draw considerable attention. Despite their apparent simplicity,
key issues such as those pertaining to local concentration fluctua-
tions for interfacial ionic species have remained elusive until
very recently. At present, there seems to be sufficient evidence
that subtle details related to polarization fluctuations in both
the interface and the solute species may lead indistinctly to
depletions or enhancements in the local ionic concentrations at
interfaces.4

Solvated electrons are very sensible ionic probes in solution
chemistry. The analysis of steady-state and time-resolved elec-
tronic spectroscopies gives access to detailed information about
the changes that operate in the structure of liquids to accom-

modate negatively charged solute species. Moreover, effects
arising from the intrinsic quantum nature of the electrons intro-
duce new features in the description of the solvation process,
most notably, those related to the electron delocalization/locali-
zation transition. One clear manifestation of this phenomenon
is given by the dramatic changes in the electron transport prop-
erties as one varies, for example, the density of the host fluid.18

Over the last 40 years, a large body of experimental and theo-
retical work has been devoted to the analysis of electron sol-
vation in a wide variety of polar and nonpolar liquids.19,20 For
the particular case of aqueous environments, the list includes
water at ambient conditions,21-28 hot water,29-32 supercritical
states of water,33-37 and also water nanoclusters.38-40 Yet, a
detailed analysis of electrons adsorbed at aqueous interfaces is
still lacking.

It has been known for quite a long time that liquid/vapor
interfaces can support electronic states; the particular case of
low-temperature helium is one classical example.41-44 From the
theoretical point of view, the analysis of these electronic super-
ficial states has normally been performed within the framework
of continuum models, where the localization of the electron is
operated by an image charge potential acting on the electron,
along directions perpendicular to the interface. More recently,
two photon photoemission experiments have also provided
experimental proof of interfacial electronic solvation in a wide
variety of metal/polar and metal/nonpolar slab interfaces at
ambient conditions.45-49 Basically, these experiments involve
an initial electron pumping from below the corresponding Fermi
level of the metal into the liquid slab. A delayed second probe
pulse analyzes the evolution of the subsequent electronic
dynamics and the response of the interface as the electron
normally gets localized. The electronic localization is the result
of a self-trapping process that resembles, in some aspects, similar
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processes that take place after the photoinjection of electrons
in bulk liquid phases.28 Snee et al.50 have just performed a mixed
quantum-classical simulation study of the electronic solvation
dynamics at the methanol/platinum interface.

With a similar spirit, in this paper, we present a computer
simulation analysis of electrons adsorbed at the liquid/air
interface using a combined path integral-molecular dynamics
(PIMD) approach. Our main goal is to establish distinctive
features between these states and those prevailing in bulk phases.
To that end, we have analyzed the extent of the spatial
localization of superficial electrons and the characteristics of
the electron-solvent spatial correlations. Modifications in the
polarization structure of the clean interface induced by the
presence of the electron were also examined. Finally, we have
investigated electronic excitations by computing the electronic
density of states and the optical absorption spectrum.

The outline of this work is as follows: In section II, we
present details of the model and the simulation methodology;
results from the PIMD runs and the analysis of the electronic
density of states and absorption spectrum are presented in section
III. The concluding remarks are left for section IV.

II. Model

Simulation experiments were performed on a system com-
posed by one electron lying at one of the liquid/air interfaces
of an aqueous slab, composed byNw ) 342 water molecules.
The slab was originally constructed by suppressing periodic
boundary conditions along thez-axis in a previously equilibrated,
fully periodic aqueous system of density 1 g cm-3, containing
one electron. The localization of one of the interfaces was
initially adjusted so as to roughly coincide withzc, thez-coor-
dinate of the electron centroid. A precise definition of the
centroid will be given below.

The potential energy of the system included water-water and
water-electron contributions. The former was considered as a
sum of pairwise intermolecular interactions that included site-
site Lennard-Jones and Coulomb interaction terms. To describe
the geometry and charge distribution of the water molecules,
the simple point charge (SPC) model by Berendsen et al.52 was
adopted. Electron-water interactions were modeled using the
pseudopotential developed by Turi et al.,25,51 that incorporates
the correct electrostatics, local repulsion, local exchange, and
polarization contributions as well. This pseudopotential has been
tested in a wide variety of aqueous environments and reproduces
the energetics and the absorption spectra of solvated electrons
reasonably well.30 In all cases, Lennard-Jones interactions were
neglected for distances beyond 10.5 Å. Long-ranged interactions
derived from the different Coulomb terms were handled by
implementing Ewald sum techniques for slab geometries,53

assuming the presence of a uniform neutralizing background.
Our statistical mechanical approach to analyze the behavior

of the electron at the interface was based on Feynman’s path
integral formalism.54 The simulation methodology relies on the
well-known isomorphism55 that can be established between the
statistics of the electron quantum path and that of a classical
ring polymer containingP “beads” with coordinatesr i, interact-
ing with nearest neighbor harmonic couplings. With the excep-
tion of the electron, quantum fluctuations were neglected in the
rest of the solvent particles. Equilibrium configurations for the
superficial solvation of the electron-polymer were generated
using combined PIMD techniques. The trajectories corresponded
to canonical runs at a temperatureT ) 298 K. In this thermal
regime, the slab presented a stable structure, with negligible
evaporation during the course of the simulations. The number

of electron beads was set toP ) 1000. Additional details of
the simulation procedure can be found in refs 37 and 56.

III. Results

A. Electron Solvation. To gain a qualitative insight into the
characteristics of the electron solvation at the water/air interface,
it will be useful to first examine the gross features of the
structure of the simulated slab. In the bottom panel of Fig-
ure 1, we present results for the average water densityFw(z)
defined by

where 〈....〉 denotes an equilibrium average andZCM and Zi

represent thez-coordinates of the centers of mass the slab and
the ith water molecule, respectively.Fw(z) dz represents the
number of water molecules per unit of areaA in thex-y plane,
with their centers of mass lying betweenz and z + dz. The
average local density at the central part of the slabFjw was close
to the usual bulk value of water at ambient conditions,Fw(z )
0) ) 0.034 Å-3. The two Gibbs dividing surfaces were located
at (10.8 Å measured fromZCM. At a first glance, the two
interfaces present similar shapes, with characteristic widths of
the order ofl ∼ 3 Å, defined according to the 10%-90% density
criterion.

The water/air interface represents a nonuniform environment
for the electron solvation. A phase-space trajectory forzc is
presented in the top panel of Figure 1. Within the discretized
picture of the electron-polymer, that coordinate is defined as
zc ) 1/P∑i

Pzi. In the course of a fairly long trajectory of 2×
105 simulation steps, which is well beyond the characteristic
decorrelation interval of most of the physical observables
associated with the interface, one observes that the sampling
includes both superficial and bulk electronic states. Note that
the fluctuations inzc are comparable to or even larger than two
relevant length scales of the problem under consideration: (i)
the width of the interfacel and (ii) the typical size of an aqueous
electron in bulk water which, at ambient conditions, is inter-
mediate between 3 and 4 Å. Consequently, a fully unrestricted
sampling for the electron-polymer is likely to include contribu-

Figure 1. Bottom panel: Density profile (solid line, left axis) for the
water slab and probability densityPc (open circles, right axis). The
dotted line represents the position of the Gibbs dividing surface. To
facilitate the comparison between the two interfaces, the negative
z-portion of the water density appears in the positive axis (dashed line).
Top panel: Unconstrained trajectory forzc. The shaded area corresponds
to the widthl of the interface (see the text).

Fw(z) )
1

A 〈∑
i)1

Nw

δ(Zi - ZCM - z)〉 (1)
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tions from microenvironments exhibiting well-differentiated
structural characteristics. This includes limiting states that can
be ascribed to liquid, gaslike, and the manifold of intermediate
superficial states as well. To single out the latter contributions,
we focused attention on solvation in the close vicinity of the
Gibbs dividing surface. This was achieved by supplementing
the Hamiltonian of the system with an extra confining potential
term, Vcf, acting on the electron centroid, that restricted the
sampling of electronic states within a rectangular slab of width
∆ ) 2 Å, centered atzs ) 11 Å. This procedure has been
implemented in the past to analyze superficial states of classical
solutes.1,2,57 Following these previous studies,Vcf was chosen
of the form2

whereH is the Heaviside function. The restoring force constant
k was set to 104 kcal/mol Å-3.

The bottom panel of Figure 1 also includes results for the
probability density associated with the position of the electron
centroid:

using the above-mentioned, restricted sampling scheme. Simi-
larly to what has been found in the case of classical anions,2

the histogram of the centroid position is not uniform across the
sampling window and reflects a propensity of the electron to
reside near the inner edge of the slab. Nevertheless, the average
value ofzc was reasonably close to the position of the Gibbs
dividing surface,〈zc〉 ) 10.6 Å.

The equivalence between the electron path and the isomorphic
ring polymer provides a convenient geometrical interpretation
of the extent of spatial localization of the electronic states. The
key magnitude to analyze in this context is the correlation length
of the electron-polymerR ) R(âp/2), whereR 2(t) represents
the second moment of the intramolecular distribution of the
electron-polymer, namely,

In the previous equation,r (t) represents the electron position
at imaginary timet and the rest of the symbols retain their usual
meanings. In the left panel of Figure 2, we present results for
R(t) for superficial and bulk electronic solvation. Note that from
a qualitative point of view, the presence of a plateaulike behavior
in the time dependence ofR(t) for t > 0.1âp reveals ground
state dominance in the interfacial solvation of the electron.58

The extent of spatial localization expressed in terms ofR is

somewhat less marked at the surface than in bulk. Anyhow,
the resulting sizes in both cases are well below the electronic
de Broglie thermal wavelength, which roughly corresponds to
the free (i.e., noninteracting) result,Rf ) (0.75)1/2λdB ∼ 15 Å.
Incidentally, also note that the size of the superficial electron-
polymerR/Rf ∼ 0.28 is comparable to that found for superficial
electrons adsorbed at nanoclusters of the type [H2O]n, with n
as small as 32,R/Rf ∼ 0.26.40 Although both estimates may
be still dependent on Hamiltonian details, they would indicate
that polarization fluctuations in small nanoclusters retain similar
“effectiveness” in promoting superficial electronic localization
to that observed at the interfaces of bulk phases.

The anisotropy induced by the presence of the interface also
leads to differences in the spatial localizations along directions
perpendicular and parallel to the interface. In the right panel of
Figure 2, we present results forRi(t) defined as

for i ) x, y, z. For bulk water,Ri ) R/x3 ∼ 1.9 Å for all i;
instead, at the interface,Rz ) 2.38 Å, a value which is
somewhat smaller thanRi ∼ 2.45 Å for i ) x, y. Also note
that the spatial anisotropy in the overall polymer shape could
also have been anticipated from the analysis of the potential
energy surface associated with the adsorbed electron. In Figure
3, we present a contour plot for the electron-interface coupling
across thex ) 0 plane, for a typical configuration of superficial
electronic solvation. The presence of steeper gradients along
thez-axis compared to those along the perpendiculary-direction
is accordant to the above-mentioned electron-polymer structure.
The resulting solvation structure that emerges from these
considerations can be pictured as an interface polarization
arrangement benefitting a moderately oblate electron-polymer
adsorbed at the surface. From the energetic point of view, this
structure would be more favorable than an isotropic one, since
it allows a larger “contact area” between the adsorbed electron
and the interfacial solvent.

B. Surface Responses.Having characterized intrapolymer
spatial correlations for superficial electrons, we now turn to the
analysis of the spatial and orientational responses of the
interface. The first function that will be considered is the
centroid-solvent pair correlation functions defined as

whereRi
R denotes the coordinate of siteR ) O, H in the ith

water molecule. In Figure 4, we present results forgcR for
superficial and bulk environments. The latter coincides reason-
ably well with results from adiabatic dynamics-molecular
dynamics experiments51 and previous path integral studies using
a different electron-water pseudopotential.24 The ∼1 Å shift
between the positions of the first maxima ofgcO andgcH and
the corresponding running integrals would indicate that the first
solvation shell in bulk consists of five water molecules, four of
them coordinated to the electron via linear hydrogen bonds. The
direct comparison between the two sets of plots shows a sensible
reduction in the degree of solvent structure for the case of
superficial electrons: The two main peaks look somewhat
broader, and the overall position for the case of hydrogen is
shifted approximately 0.5 Å toward larger distances. The running
integrals over the oxygen and hydrogen distributions show a
trend opposite to that described for bulk, with a deficit of
approximately∼0.5 O atoms with respect to H atoms. In

Figure 2. Left panel: Root-mean-square correlation function for
aqueous electrons atT ) 298 K: superficial states (open circles); bulk
results (black circles). Right panel: Root-mean-square correlation along
the z-direction (solid line) and thex- andy-directions (dashed lines).

Vcf(zc) ) kê3H(ê) ê ) |zc - ZCM - zs| - 1
2

∆ (2)

Pc(z) ) 〈δ(zc - ZCM - z)〉 (3)

R 2(t - t′) ) 〈|r (t) - r (t′)|2〉 0 e t - t′ e âp (4)

Ri
2(t - t′) ) 〈|xi(t) - xi(t′)|2〉 (5)

FjwgcR(r) )
1

4πr2 〈∑
i

δ(|r c - Ri
R| - r)〉 (6)
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principle, these results would reflect changes in the electron-
water connectivity, from linear hydrogen bonds in bulk toward
a “dipolar-like” pattern that would prevail at the interface.
Finally, note that the differences between the local solvent site
densities in bulk and surface states are much smaller than the
trivial factor∼0.5, arising for the reduction of the average local
density at the interface.

There are two sources of solvent spatial inhomogeneity in
the close vicinity of the electron: (i) the radial electric field
generated by the excess charge and (ii) the presence of the
interface, that breaks the isotropy that would prevail in bulk
environments. Results from bygcR, being spherically averaged,
do not capture the latter effects. To gain further insight about
the interfacial responses, we found it appropriate to analyze two-
dimensional correlations restricted to superficial slabs of width
∆. To describe electron-solvent density correlations within the
slabs, we computed the following functions:

whereH(zi
O; zjj) represents the characteristic function for thej

slab centered atzjj. H was defined as 1 if thez coordinate of the
ith oxygen satisfies|zi

O - ZCM - zjj| < ∆ and 0 otherwise;Fjj is
the average density within the slab. Three different superficial
slabs centered atzj1 ) 9 Å (Fj1 ) 0.91Fjw), zj2 ) 11 Å (Fj2 )
0.40Fjw), andzj3 ) 13 Å (Fj3 ) 0.05Fjw) were analyzed. As such,
microscopic structures within the first slab should resemble very
much those of a typical denser liquid aqueous state, while in
the last slab, the scenario that prevails should be much closer
to what is normally perceived as a vaporlike environment. In

the bottom panel of Figure 5, we display results forGj(r). As
expected, density fluctuations become stronger as we move from
dense to more dilute slabs; however, contributions to the solvent
population in the first solvation shell from the outer slab are
practically negligible. The three curves show some degree of
structure (much more noticeable in the intermediate slab case)
at r ∼ 4 Å, a distance that roughly coincides with the boundary
of the first solvation shell of the superficialgcO (cf. Figure 4).

The characteristics of the local polarization density along
radial directions centered at the electron position were analyzed
through the functionGj

r(r), defined as

whereµi represents the dipole moment of theith water molecule.
Similarly, information about the local solvent polarization along
directions perpendicular to the interface can be obtained from
the following function:

where ẑ represents the unit vector along thez-direction. The
middle and upper panels of Figure 5 display results for these
orientational correlations. All radial polarization curves present
similar characteristics: Main peaks located at≈2.3 Å, followed
by monotonic decays toward zero at large distances. These tails
can be reasonably well described by single exponentials with

Figure 3. Contour plot for the interface-electron potential energy
surface (in eV) across thex ) 0 plane. The origin of coordinates
coincides with the position of the electron centroid.

Figure 4. Electron centroid-water pair correlation functions for
superficial states:gcO (solid line); gcH (dashed line). Also shown are
results for bulk electronic solvation:gcO (open circles);gcH (black
circles). The arrows indicate site populations under the first peaks.

FjjGj(r) )
1

2πr∆ 〈∑
i

δ(|r c - r i
O| - r)H(zi

O; zjj)〉 (7)

Figure 5. Spatial and orientational correlations for different superficial
slabs. Electron-oxygen density correlation functions (bottom panel),
local polarization densities along radial directions (middle panel), and
local polarization densities along thez-axis (top panel). Results for slabs
1-3 are represented by solid, dotted-dashed, and dashed lines,
respectively.

FjjGj
r(r) )

1

2πr∆ 〈∑
i

δ(|Ri
O - r c| - r) cos(θi

r)H(zi; zjj)〉
cos(θi

r) )
µi‚(r c - Ri

O)

|µi||r c - Ri
O|

(8)

FjjGj
z(r) )

1

2πr∆ 〈∑
i

δ(|r c - Ri
O| - r) cos(θi

z)H(zi; zjj)〉
cos(θi

z) )
µi‚ẑ
|µi|

(9)
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characteristic length scales, intermediate between 2 and 4 Å,
that become larger as we move from the outer slab toward the
inner one. On the other hand, the curves for the polarization
along thez-axis are qualitatively different. First, we recall that
polarization in clean water interfaces is mostly perpendicular
to thez-axis, soGj

z(r) should be close to zero asr f ∞.59 For
the outer slab, a simple geometrical construction suffices to
explain that the negative portion of the curve forr < 2 Å is
accordant to the radial alignment of dipoles of water molecules
with coordinateszi

O > zc. For the middle slab, the results
would suggest that the electron-solvent coordination involves
typically one water molecule with one hydrogen pointing toward
the electron and the second toward the surface, leading to
cos(θi

z) > 0.
In addition, integrals over the distributions provide quantita-

tive estimates of the magnitude of the overall local polarizations
in different slabs:

where the integrals are restricted to the volume of thejth
slab, Γj. Taking the value for the intermediate slab as a ref-
erence, we getg1

r /g2
r ) 0.23 andg3

r /g2
r ) 1.42; similarly,g1

z/g2
z

) 0.27 andg3
z/g2

z ) 1.7. In both cases, we observe similar
trends, with net polarizations decreasing as we move toward
outer slabs.

C. Absorption Spectrum of Superficial Electrons.Solvent
configurations obtained from the PIMD experiments were also
used to obtain additional information pertaining to electronic
excitations at the interface. Following the procedure described
in ref 30, we computed electronic eigenstatesψn and eigenvalues
εn for 500 statistically uncorrelated solvent configurations. In
brief, the electronic eigenstates were constructed as linear
combinations of a basis set of three-dimensional Gaussian
functions according to

The centers of the Gaussian basisr i were located in a cubic
grid, centered at the original position of the electron centroid.
The number of basis was set to 73 points. The spacing of the
grid was 1.45 Å, and the widths of the Gaussian basis were

taken to beR ) 0.36 Å-2. Within this scheme, the diagonal-
ization procedure reduces to the solution of a generalized
eigenvalue problem for the unknown set of coefficients{ci

n}.
The simple functionality of the electron-water pseudopotential
adopted here, combined with the use of the Gaussian basis,
facilitates the analytical evaluation of practically all contributions
to the matrix elements. Additional technical details of the
diagonalization procedure can be found in ref 30.

Figure 6 shows results forD(E), the electron density of bound
states defined as

for superficial electrons at ambient conditions. The distribution
of bound states is typically composed by the ground, s-like state
lying at energies intermediate between-3 and-2 eV and three,
almost degenerate, p-like excited states at energies close to ca.
-1 eV. Estimates for the size of these states were computed
using

with rji ) 〈ψi|r |ψi〉. Our simulations yield averaged values of
σ0 ) 3.6 Å andσi ) 4.3 ( 0.1 Å for i ) 1, 2, 3. For the sake
of comparison, we have also included in Figure 6 the position
of the maximum of the distribution for bulk aqueous electrons.
Note that the main effects in passing from bulk to surface
solvation involve a∼0.5 eV shift ofε0 toward higher energies,
while the positions for the rest of the excited states remain
practically unchanged. The reduction of the gap can be easily
interpreted as a direct consequence of larger spatial extents of
the superficial electrons compared to the bulk situation. The
ground-state absorption spectra,I(E), calculated within the
Franck-Condon approximation complete our analysis. It was
computed using the expression

and is presented in Figure 5, where we have also included PIMD
results for bulk. The comparison between the two curves shows
the following features: (i) In accordance with the observed
reduction of the energy gap in the density of states, there is a
=0.52 eV red-shift in the positions of the maxima, namely,
Emax

bulk = -1.87 eV andEmax
surf = -1.35 eV. (ii) The normalized

width at half-height of the band for surface states,∆E/|Emax
surf| ∼

0.43, is somewhat larger compared to the value obtained in bulk,
∆E/|Emax

bulk| ∼ 0.32, revealing relative larger fluctuations in the
sizes of the electron localization traps at the interface. (iii) Both
simulated line shapes present profiles that can be reasonably
well described by a single Gaussian fit. In this respect, our
results fail to capture the asymmetry of the experimental line
shape of the spectrum of solvated electrons in bulk water.26

IV. Concluding Remarks

We have presented a microscopic analysis of solvated
electrons in the vicinity of the Gibbs dividing surface of the
water/air interface. The main results of the article can be
summarized as follows: Surface polarization fluctuations at the
water/air interface are sufficiently strong so as to promote a
considerable extent of spatial localization of the excess electrons;
the resulting size of the isomorphic electron-polymer is about
20% larger than that characterizing excess electrons in bulk

Figure 6. Top panel: Density of bound electronic states for superficial
electrons. The arrows indicate the maxima of the density of states for
bulk electronic states. Bottom panel: Ground-state absorption spectrum
for superficial states (solid line). The absorption spectrum for bulk water
is also shown (dotted-dashed line).

gj
i ) Fjj ∫Γj

Gj
i(r) dr (10)

ψn(r ) ) ∑
i)0

ci
n
φi(r ) φi(r ) ) (2R

π )3/4

e-R(r-r i)2
(11)

D(E) ) 〈 ∑
εi<0

δ(εi - E)〉 (12)

σi
2 ) 〈ψi|(r - rji)

2|ψi〉 (13)

I(E) ∝ E(1 - e-âE) 〈 ∑
i>0,εi<0

|〈ψ0|µ|ψi〉|2 δ(εi - ε0 - E)〉 (14)
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water. Moreover, the anisotropy in the force fields at the
interface leads to an overall polymer structure that is slightly
flatter along directions perpendicular to the interface.

Analysis of the electron-water density fields in the close
vicinity of the superficial electron reveals that the first solvation
shell is composed roughly by four water molecules. Three of
these molecules lie within 2 Å of theGibbs dividing surface,
while the fourth one is located in inner, bulklike environments.
The coordination between the electron and water shows modi-
fications that would suggest a gradual change from the bulk
linear hydrogen bond connectivity toward a more marked
alignment of the water dipoles along the electron-water radial
direction. The magnitudes of the fluctuations in both the
electron-solvent density fields and the local polarization in the
close vicinity of the electron are larger as we approach the
interface from the bulk liquid. The presence of the electron
promotes an overall radial polarization at the interface over
characteristic distances of the order of 3-4 Å away from the
position of the electron.

An analysis of the density of bound electronic states shows
typically a ground s-like state at ca.-3.5 eV and three p-like
excited states lying at ca.-1 eV from the continuum. Compared
to the bulk results, the reduction of∼0.5 eV in the energy gap
between the ground state and the rest of the excited states leads
to the red-shift in the observed optical absorption spectrum. We
hope that the comments of the main conclusions summarized
in the previous paragraphs may be corroborated by direct
experimental research in the near future.
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