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Equilibrium and dynamical aspects of the earliest stages of solvation following the electronic
excitation of I⫺ dissolved in aqueous clusters were investigated, using a mixed quantum-classical
molecular dynamics algorithm. The systems were modeled as composed by an excess quantum
charge coupled to a classical bath that includes a neutral iodine and N w ⫽6, 50, and 100 water
molecules. In small clusters, the equilibrium solvation structures of the iodine are characterized by
surface states that gradually turn into interior states as one considers larger aggregates. Electronic
properties of the ground and first excited states are described. In small aggregates, both states are
characterized by highly diffuse density profiles that extend well beyond the spatial extent of the
aggregates. In larger clusters, the confining potential provided by the classical bath localizes the
electron within the aggregates. Dynamical aspects of the solvation relaxation following a vertical
excitation of the solute were also examined. In all cases, the relaxation mechanisms involve a global
reorganization of the original solvation structure characterized by a gradual stabilization of the
solvent-solvent interactions in detriment of a less favorable electron solvation. The overall
characteristic time for the solvation is in the order of  s ⬇0.05 ps for N w ⫽6 and attains  s
⬇0.60 ps for N w ⫽100. © 2002 American Institute of Physics. 关DOI: 10.1063/1.1489896兴

iodide; in a similar spirit, Staib and Borgis10 examined the
electronic characteristics of chloride in aqueous solutions as
well.
Mesoscopic water clusters represent peculiar polar environments in which the spatial confinement imposed by the
finite dimensions of the aggregates—normally on the order
of a few nanometers—are translated into large anisotropies
in the intramolecular force fields, which, in turn, induce important modifications in the reactive channels from those
found in conventional macroscopic phases. In this context, a
basic question emerges related to the minimum number of
water molecules required to stabilize CTTS precursor states.
Combariza et al.12 have performed ab initio calculations of
several minimum-energy configurations of X ⫺ (H2 O) n clusters 共X⫽Cl, Br, and I兲 and determined that the threshold
number is 6. However, Serxner et al.11 performed electron
photodetachment experiments that would indicate the presence of very diffuse, dipole-bound states in clusters as small
as I⫺ (H2 O) 2 . Moreover, these experiments clearly show the
gradual blue shift in the spectrum maxima from ⬇4 eV for
n⫽2 up to ⬇4.5 eV for n⫽4, with a limiting bulk value of
⬇5.5 eV. These experimental findings have been corroborated by more recent and comprehensive ab initio computational studies of CTTS precursor states.13,14
Femtosecond photoelectron spectroscopy studies of
I⫺ (D2 O) n and I⫺ (NH3 ) n clusters have been performed by

I. INTRODUCTION

Absorption spectra of simple aqueous halides provide
clear evidence of the strong influence of solvation upon the
electronic structure of these probes: In vacuo, the ions do not
support bound excited states; only when dissolved in polar
media do broad absorption bands appear in the UV region.
The stabilization of excited electronic states occurs as the
result of the influence of solvent polarization fluctuations
that lead to the so-called charge transfer to solvent 共CTTS兲
states.1,2 In bulk phases, the dynamical characteristics of
these fluctuations normally induce the photodetachment of
the excess electron from the ion and its subsequent solvation
within a solvent cavity, in a time scale of a few picoseconds.
Ultrafast time-resolved spectroscopic experiments have revealed that the electron photodetachment mechanisms are far
from being simple and present well-differentiated characteristics from those related to the generation of excess electrons
in photoionization experiments in neat water.3–5 From the
theoretical point of view, several simulation studies have
been performed to investigate the microscopic mechanisms
that drive these processes. Sheu and Rossky6 –9 performed a
series of molecular dynamics experiments that shed light on
the nature of the electronic density of states, absorption spectra, and different reactive channels of photoexcited aqueous
0021-9606/2002/117(5)/2238/8/$19.00
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Newmark and collaborators.15,16 Using pump and probe techniques, these experiments provide information of the topology of the first excited electronic state potential energy surfaces. The two types of clusters exhibit well-differentiated
dynamical features during the early stages of the solvation
following the photoexcitation of the solute. The n⫽6 cases
are the most illustrative: Results from time-dependent vertical detachment energies 共VDE’s兲 in water clusters suggest
that the excited-state dynamics includes a solvation-induced
isomerization between two stable structures in the cluster.
This interconversion would take place on a time scale of
⬇250–500 fs and would lead from a dipole bound solvation
state to a solvation structure similar to that of the stable
ground state of (H2 O) ⫺
6 . On the other hand, the characteristics of the early stages of the solvation dynamics in ammonia
clusters would correspond to a single relaxation which tends
towards a gradually more stable solvation of the excess electron.
The experimental findings described in the previous
paragraphs represent the main motivations of the present
study where we examine dynamical aspects of the early
stages of the solvation following a vertical electronic excitation of I⫺ in aqueous clusters using molecular dynamics
techniques. In order to maintain a computationally tractable
methodology, the inherently quantum mechanical description
of the dynamics has been very much simplified and relies on
models developed in earlier studies of similar reactions in
bulk phases.6 –10 We first considered the equilibrium solvation structures of different clusters, spanning a size interval
that allowed us to investigate both surface and interior states
of the solute. Moreover, we also investigated how these solvation structures affect the characteristics of the electronic
densities of states and absorption spectra. From a dynamical
point of view, we focused our attention on acquiring a first
qualitative insight into the mechanisms that drive the early
stages of the solvation and on obtaining estimates for the
overall characteristic times for the solvation. In particular,
we put special emphasis on identifying the effects imposed
by both the confinement and presence of the cluster free
surface on dynamical aspects of the spatial localization of the
excess electron following the vertical photoexcitation of the
probe.
The outline of the paper is as follows. In Sec. II we
provide a brief description of the model and the methodology
used to run the simulations. Section III includes results for
equilibrium solvation structures and details of the densities
of electronic states and absorption spectra for different cluster sizes. Section IV considers dynamical relaxations of the
solvation structures and other relevant electronic parameters
following the excitation of the probe. The conclusions of the
paper are presented in Sec. V.
II. MODEL AND SIMULATION METHODS

The systems under investigation consisted of one iodide
dissolved in aqueous clusters containing N w ⫽6, 50, and 100
molecules. Our description of the solute is similar to that
adopted in previous simulation studies of photodetachment
processes in bulk water6 –10 and is based on a hybrid
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quantum-classical approach, in the adiabatic BornOppenheimer approximation. Within this simplified picture,
I⫺ is modeled as an excess electron interacting with a neutral
iodine atom via a one-electron model pseudopotential. In addition, effects of the different environments on the electronic
distribution are taken into account via a second effective interaction between the excess charge and the rest of the water
molecules. Quantum fluctuations are neglected for all particles with the exception of the excess electron.
The potential energy between the classical particles
V cl( 兵 RN 其 ) comprises two major contributions: a water-water
interaction term that was modeled using the TIP4P model17
and a water-iodine interaction that was taken to be the sum
of standard 共6 –12兲 Lennard Jones pair contributions.6 The
electron-iodine pseudopotential V eI was taken from Ref. 6
and represents the effective interaction of the outer 5p electron with the iodine nucleus partially shielded by its core and
valence electrons. In the absence of solvent, this model
pseudopotential presents four bound states: one with s-like
characteristics and three p-like degenerate states, one of
which will be occupied by the tagged single electron. Henceforth, we will denote this state as the ground state of I⫺ .
The coupling between the electron and the classical water molecules, V ew , was considered to be the sum of
electron-solvent site pair contributions of the type
Nw

V ew 共 r; 兵 RN w 其 兲 ⫽⫺

兺 兺 Q ␣e
i⫽1 ␣

erf共  ␣ 兩 r⫺R␣i 兩 兲
兩 r⫺R␣i 兩

,

共1兲

where e represents the electron charge; R␣i and Q ␣ identify
the coordinates and the partial charge of site ␣ ⫽(O,H,H) in
the ith water molecule, respectively. A similar functionality
form for V ew has been implemented in previous studies of
excess electrons in polar media10,18 and corresponds to a
Coulomb interaction between the excess charge and
Gaussian-distributed partial charges centered at the atomic
positions of the water molecules. The spread parameters  ␣⫺1
were adjusted so as to obtain reasonable agreement between
the computed energies for several local minima of the TIP4P
anion cluster (H2 O) ⫺
6 and the results obtained with more
refined quantum calculations. The optimized parameters
were found to be  O⫽0.766 Å ⫺1 and  H⫽0.832 Å ⫺1 ; with
the latter values, the computed VDE’s for T-like and Y-like
local minimum structures of the (H2 O) ⫺
6 were found to be
0.45 eV and 0.32 eV, respectively. These energy values compare reasonably well with more accurate density functional
theory results that yield VDE’s ranging from 0.45 eV to 0.51
eV for different T-like structures and intermediate values between 0.28 eV and 0.46 eV for Y-like local minimum
structures.19
A. Adiabatic dynamics

We shall now briefly describe the simulation procedure.
Consider an initial configuration of the classical particles
兵 RN 其 ; for this particular configuration, we solve the oneelectron Schrödinger equation
Ĥ e  n 共 r; 兵 RN 其 兲 ⫽E n 共 兵 RN 其 兲  n 共 r; 兵 RN 其 兲 ,

共2兲

where Ĥ e represents the electronic Hamiltonian:
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ប2 2
ⵜ ⫹V̂ es 共 r̂; 兵 RN 其 兲 .
2m e r
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共3兲

In the previous equations, r denotes the electron coordinates,
m e is the electron mass, 2ប is the Planck constant, and
V̂ es ⫽V̂ eI ⫹V̂ ew represents the coupling between the electron
and the classical bath. The hypothesis of adiabatic dynamics
implies that the quantum forces that drive the dynamics of
the classical nuclei are computed exclusively from E n , the
nth instantaneous eigenstate of the electronic Hamiltonian
共the choice of the particular quantum state n will be discussed below兲. The resulting Hamiltonian for the classical
particles with masses 兵 M j 其 is given by
H 共 兵 RN 其 兲 ⫽

兺j

M j Ṙ2j
2

⫹E n 共 兵 RN 其 兲 ⫹V cl共 兵 RN 其 兲 ,

共4兲

which leads to the following Newtonian equation of motion
of the ith classical particle:
M i R̈i 共 t 兲 ⫽⫺ⵜRi E n „兵 RN 共 t 兲 其 …⫺ⵜRi V cl„兵 RN 共 t 兲 其 ….

共5兲

Two different sets of simulation experiments were performed. The first one involved series of 500 ps molecular
dynamics runs corresponding to the microcanonical ensemble in which the quantum forces on the classical particles
were taken with the electron occupying the instantaneous
ground state of Ĥ e . The average temperature of the classical
particles along these runs was adjusted to T⬇200 K. In large
clusters, this corresponds to a thermal regime where the systems present dynamical characteristics similar to macroscopic liquid phases. The second kind of experiments corresponded to nonequilibrium trajectories: Initial states were
sampled from configurations generated by the microcanonical trajectory and separated by 5 ps intervals; this time was
sufficiently long to yield statistically independent conditions.
At t⫽0, the dynamics was modified and the quantum forces
were computed according to Eq. 共5兲 using the instantaneous
first excited electronic state. From these initial conditions we
followed the solvent relaxations for approximately 1 ps.
To solve the Schrödinger equation 关cf. Eq. 共2兲兴 we found
it convenient to expand the electronic wave function in terms
of a mobile spherical Gaussian basis set with fixed widths:

tively. In order to provide sufficient flexibility in the description of the ground 共localized兲 and excited 共highly diffuse兲
electronic states, a total of N b ⫽208 bases—some of them
lying well beyond the position of the classical water
molecules—was required. Convergence tests for the chosen
basis set were performed on several configurations along the
simulation runs by including additional polyhedra; moreover,
for all cluster sizes investigated, we found no need to supplement the set with mobile basis centered at the instantaneous
maximum of the electron density.20 Full details of the optimized geometrical parameters of the different basis can be
found in Table I. The implementation of a Gaussian basis set,
along with the adopted functional forms of the different contributions to V es , permitted the analytical evaluation of all
matrix elements required for the calculation of the basis set
coefficients 兵 c ni 其 and for the computation of the quantum
forces as well.
III. EQUILIBRIUM PROPERTIES
A. Solvation structures of IÀ

The characteristics of the electronic dynamics following
the photoexcitement of I⫺ will be very much dependent on
the nature of the original ground and excited electronic states
of the solute prior to the excitation, which, in turn, are affected in a sensible way by the solvation structure provided
by the particular environment considered. The gross features
to analyze are whether the solute resides, on average, in the
interior or near the surface of the clusters and at which
threshold cluster size the transition from surface to bulk state
occurs. Solvation structures in ionic clusters of the types

TABLE I. Basis set parameters.
Atomic orbital

␣ ⫺1/2
共Å兲
i

R i 共Å兲

s

0.01
0.02
0.05
0.09
0.04
0.09
0.17
0.26
0.29
0.41
0.68
0.70
1.67
0.62
2.4
5.3
6.3
9.5
13.0
16.0
19.0
22.0
32.0
45.0
71.0
79.0
100.0

0.0
0.0
0.0
0.0
0.005
0.009
0.017
0.026
0.029
0.041
0.068
0.120
0.167
0.2
0.5
1.7
2.0
3.0
4.0
5.0
6.0
7.0
10.0
13.0
21.0
25.0
30.0

s/p

Nb

 n „r; 兵 R共 t 兲 其 …⫽ 兺 c ni „兵 R共 t 兲 其 … i 共 r兲 ,
i⫽1

 i 共 r兲 ⫽

冉 冊
2␣i


3/4

2

e ⫺ ␣ i 共 r⫺ri 兲 ;

共6兲
共7兲

in the previous equation, ri denotes the coordinates of the
center of the ith basis. Following Ref. 10, the centers of the
Gaussian basis were located at the vertices of regular polyhedra situated in concentric shells of increasing radii R i ,
centered at the instantaneous position of the iodine, RI(t).
Using this geometrical distribution, the resulting electronic
wave function can be pictured as a linear superposition of s-,
s/p-, and s/p/d-like orbitals. s-like orbitals are approximately represented by basis centered at RI , while s/p and
s/ p/d orbitals are represented by 4 and 12 bases located at
the vertices of regular tetrahedra and icosahedra, respec-

s/p/d
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FIG. 1. Radial distribution functions from the cluster center of mass for
clusters of different sizes. Top panel: N w ⫽6. Middle panel: N w ⫽50. Bottom
panel: N w ⫽100. g c.m.-O(r): solid line 共left hand axis兲. g c.m.-I(r): dash-dotted
lines 共right hand axis兲. g c.m.-r̄1 (r): circles 共right-hand axis兲. Results for
g c.m.-r̄0 are indistinguishable from those of g c.m.-I .

M ⫹ (H2 O) n and X ⫺ (H2 O) n —with M 共X兲 an alkaline metal
共halogen兲—have been investigated in several simulation experiments, incorporating an increasing degree of sophistication in the effective interactions.21 The picture that emerges
from these studies is that the resulting solvation structures
seem to be very much dependent on subtle details of the
specific Hamiltonian considered. Anyhow, to the best of our
knowledge, these results still await proper corroboration
from direct experimental measurements.22
Useful quantities to consider in this connection are the
spatial correlation functions with respect to the cluster center
of mass, g c.m.- ␣ (r), defined as
N

␣
1
g c.m.- ␣ 共 r 兲 ⫽
具 ␦ 共 兩 R␣i ⫺Rc.m.兩 ⫺r 兲 典 ,
2
4  r i⫽1

兺

共8兲

which give the probability of finding an atom of species ␣ at
a distance r from the cluster center of mass located at Rc.m. .
In the previous equation, 具¯典 denotes a time average over
microcanonical trajectories. In Fig. 1 we present results for
g c.m.- ␣ (r), ␣ ⫽O, I. Several features are worth commenting:
First, one can observe a gradual transition from surface- to
bulk-like solvation as we move from N w ⫽6 to N w ⫽100. For
N w ⫽6, the solvation structure of the iodide is clearly asymmetric with respect to the overall spatial distribution of the
water molecules. The typical configuration shown in Fig.
2共a兲 very much resembles the structure of the global minimum referred to as (S)-I⫺ (H2 O) 6 in Ref. 13 and also that
corresponding to the stable Y 42 structure of (H2 O) ⫺
6 found
in Ref. 19. These features should be contrasted to those depicted in the central and bottom panels of Fig. 1 and in Figs.
2共b兲 and 2共c兲. Here N w ⫽50 clusters present ‘‘intermediate’’
solvation structures in which the iodide resides mostly within
a 2.5ⱗrⱗ7 Å spherical shell, while for the largest aggre-
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FIG. 2. Isodensity profiles for the ground 关共a兲, 共b兲, 共c兲; 兩  0 兩 2 ⫽0.01 Å ⫺3 兴
and first excited states 关共d兲, 共e兲, 共f兲; 兩  1 兩 2 ⫽0.015 Å ⫺3 兴 of I⫺ dissolved in
aqueous clusters. Top panels: N w ⫽6. Middle panels: N w ⫽50. Bottom panels: N w ⫽100. The position of the iodine is denoted by the black circle.

gates, the most stable solvation states corresponds to inner
states, characterized by rⱗ3 Å, a region that appears deprived from water molecules.
B. Electronic properties of IÀ

Having established the main characteristics of the solvation structures of I⫺ , we will now consider the analysis of
the electronic density of the excess charge. Figure 2 displays
isodensity surfaces for the ground and first excited electronic
states for typical N w ⫽6, 50, and 100 cluster configurations.
Note that in all cases the ground-state density shows clear
signs of p-like symmetry. While in the smallest aggregates a
sizable fraction of the ground and first excited electronic
densities spill out of the cluster ‘‘boundaries,’’ in larger clusters one observes a tighter confinement of the electronic density within the clusters. For example in N w ⫽6 clusters, typically 40% of the ground-state electronic density lies outside
the spatial domain of the aggregates; this percentage practically vanishes for N w ⫽50 or 100. To quantify these observations in a more precise way, in Table II we present results
for several relevant length parameters: We start by considerTABLE II. Solvation parameters for I⫺ (H2 O) n . Distances are expressed in
Å and time scales in ps.
n

冑5/3R g

具 r̄ 0 典

R0

具 r̄ 1 典

R1

s

6
50
100

3.6
7.3
8.9

3.3
4.7
2.0

1.7
1.7
1.7

3.9
4.6
2.1

4.8
3.9
3.9

⬇0.05a
0.19b
0.60b

a

Computed only from the initial decay.
Calculated from S E (t) up to 1 ps; after that time, a single-exponential
decay was assumed.
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ing the second column where we present the average cluster
sizes as reflected by the radii of gyration, R g :
N

R 2g ⫽

1 w
i
⫺Rc.m.兲 2 ;
共 RO
N w i⫽1

兺

共9兲

for reasonably spherical-like aggregates, the radius of the
cluster can be roughly approximated by ⬇ 冑5/3R g . In column 3, results for the average location of the electron within
the cluster 具 r̄ 0 典 , are displayed. The results were calculated
from the following integral:

具 r̄ n 典 ⫽4 

冕

⬁

0

g c.m.-r̄ n 共 r 兲 r 3 dr,

共10兲

1
具 ␦ 共 兩 r̄n ⫺Rc.m.兩 ⫺r 兲 典
4r2

共11兲

where
g c.m.-r̄ n 共 r 兲 ⫽
and
r̄n ⫽ 具  n 兩 r̂兩  n 典 .

共12兲

The spatial extent of the electron is presented in the fourth
column and can be readily estimated by computing R0 , defined as
R2n ⫽ 具  n 兩 共 r̂⫺r̄n 兲 2 兩  n 典 .

共13兲

From the simultaneous analysis of the entries of Table II and
the profiles of g c.m.-r̄n (r) 共also shown in Fig. 1兲 two important observations emerge: 共i兲 The fact that the radial distributions g c.m.-r̄0 are for all practical purposes similar to g c.m.-I
suggests that polarization effects arising from asymmetries
of the local solvent electric fields seem to be negligible. This
is not the case for the first excited electronic state—
especially in small clusters—where the overall profiles of
g c.m.-r̄1 and consequently 具 r̄ 1 典 are shifted to greater distances.
Of course, these asymmetry effects should diminish as we
move to larger aggregates. 共ii兲 The degree of electronic spill
beyond the cluster ‘‘boundaries’’ is clearly indicated in the
smallest cluster case, where we found that 具 r̄ 0 典 ⫹R0
⬎ 冑5/3R g .
In Fig. 3 we display results for the density of bound
states D(E),
D共 E 兲⫽

兺

E n ⬍0

具 ␦ 共 E n ⫺E 兲 典 .

共14兲

The N w ⫽6 profile is dominated by a Gaussian-like profile
centered at ⬇⫺4.3 eV corresponding to the distribution of
instantaneous ground states. By implementing standard projection operator techniques, we determined that these states
exhibit an 80% of p-like character, the rest being of difficult
symmetry characterization. In the vast majority of the configurations, we also found a second bound, highly diffuse,
excited state 关see Fig. 2共e兲兴 at typical energies in the order of
a few tenths of eV below the detachment threshold. This
order of magnitude compares favorably well with VDE estimates of 0.038 eV and 0.069 eV obtained from more accurate quantum calculations of the (S)-I⫺ (H2 O) 6 in Ref. 13. A
similar projector analysis performed on these states failed to
provide any clear prominent characterization of the wave

FIG. 3. Normalized density of states 共left-hand panels兲 and absorption spectra 共right-hand panels兲 for clusters of different sizes. N w ⫽6: 共a兲, 共b兲. N w
⫽50: 共c兲, 共d兲. N w ⫽100: 共e兲, 共f兲.

function symmetry. Solvation in larger clusters leads to a
gradual stabilization of the I⫺ ground state: The average
ground-state energy drops to 具 E 0 典 ⬇⫺6.2 eV for N w ⫽50
and 具 E 0 典 ⬇⫺6.8 eV for N w ⫽100 aggregates. Compared to
the N w ⫽6 case, the widths of the eigenstate distributions in
the largest clusters show a moderate broadening, reflecting a
larger variety of thermally accessible ambients available for
ionic solvation within these aggregates. The characteristics
of the excited electronic state distributions in larger aggregates exhibit a well-defined first-excited-state band located at
⬇5 eV above the ground state, which represent CTTS precursor states. In addition we also found a quasicontinuum
manifold of higher bound excited states near the detachment
threshold energy.
Ground-state absorption spectra I(  ) were computed
within the Frank–Condon dipolar approximation as
I 共  兲 ⬀  共 1⫺e ⫺ ␤ ប  兲

冓兺

i⬎0

冔

具  0 兩 ˆ 兩  i 典 2 ␦ 共  i0 ⫺  兲 .
共15兲

The results are shown in the right-hand side panels of Fig. 3.
CTTS spectra are characterized by absorption peaks that
present a gradual blueshift from 4 eV for N w ⫽6 to ⬇4.85
eV for N w ⫽50 and 100. For the smallest clusters, the spectrum presents a single symmetric absorption maximum
whose position agrees reasonably well with the excitation
energy of the first CTTS precursor state reported in Ref. 13
as h  max⬇3.7– 4.4 eV. In addition, a second peak corresponding to transitions to the manifold of higher bound excited states becomes more important as we move to larger
aggregates.
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FIG. 4. Relaxation of the electron-iodine distance 共top panel兲 and the electron wave function width 共bottom panel兲 following the excitation of
I⫺ (H2 O) n . n⫽6: solid lines 共left-hand axis兲. n⫽50: dashed lines 共righthand axis兲. n⫽100: dot-dashed lines 共right-hand axis兲.

IV. EXCITED-STATE DYNAMICS

We now turn to dynamical aspects of the photodetachment process. Our description will be based on the analysis
of a series of nonequilibrium time correlation functions
S O (t) for different relevant observables O(t): namely,
S O 共 t 兲 ⫽ 具 O 共 t 兲 典 ne ,

共16兲

where 具 ¯ 典 ne denotes an average sampled from a distribution
of nonequilibrium initial conditions and the time origin was
set to coincide with the vertical excitation. The most direct
route to gain a preliminary qualitative insight of the detachment process is to consider S r̄1 , the time evolution of the
distance between the iodine and average position of the excited electron:
S r̄1 共 t 兲 ⫽ 具 兩 r̄1 共 t 兲 ⫺RI共 t 兲 兩 典 ne .

共17兲

Results for S r̄1 computed from an ensemble of 100 relaxations are shown in the top panel of Fig. 4. We observe that
the curves exhibit two well-differentiated temporal regimes.
The N w ⫽6 case is perhaps the clearest: During the first 100
fs, the center of the excess charge separates ⬇25 Å away
from the iodine, a distance far beyond the cluster boundaries.
Note that during this brief time interval, the position of the
much heavier iodine should remain practically unchanged, so
the results reflect exclusively electronic dynamics. This fast
initial displacement is followed by a much slower diffusivelike motion that dominates the long-time behavior of the
electron detachment. In intermediate- and large-size domains, the stronger confining characteristics of the potential
generated by the classical bath diminish the magnitude of the
initial separation. Although the distinction between the two
temporal regimes becomes somewhat less sharp, changes in
the slope of the electron displacement from the iodine at t
⬇50 and 25 fs are still perceptible in the N w ⫽50 and 100
curves, respectively. For these larger aggregates, S r̄1 (t) at
longer times 共not shown兲 levels off at distances comparable
to the cluster size. At this stage we cannot assert whether
these plateaulike behaviors are due to finite-size effects im-
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FIG. 5. Relaxation of the electron-water coupling 共top panel兲, water-water
interaction 共middle panel兲, and electron kinetic energy 共bottom panel兲 following the excitation of I⫺ (H2 O) n . Same labeling as in Fig. 4.

posed by the cluster free surface or to a solvation stabilization similar to that found in bulk phases at similar
distances.23
The analysis of the time evolution of the spatial extent of
the electron described in terms of S R1 (t) is also instructive;
the results are displayed in the bottom panel of Fig. 4. Note
that the overall relaxations of R1 (t) are qualitatively similar
to those of r̄1 . Here, again, changes in small clusters are the
most evident: During the first 100 fs, the electron density,
initially distributed over domains of typical size ⬇5 Å 共see
column 6 of Table II兲, exhibits a fast spread attaining ⬇40 Å.
Considering the highly diffuse nature of the electronic density upon excitation, results for the long-time behavior of
S R1 (t) in these small aggregates are likely to be affected by
non-negligible errors, due the poor description provided by
the adopted Gaussian basis set. The results as such should
only be taken as qualitative indicators of the order of magnitude of the limiting, t⫽⬁, electron size and position. Results for larger clusters show a more moderate electron delocalization transient that takes place exclusively during the
early stages of the detachment process; this would indicate
that during the subsequent diffusive motion away from the
iodine, the electron is already fully thermalized.
Energetic relaxations provide complementary information that permits a more complete understanding of the overall relaxation processes. The top panel of Fig. 5 depicts results for the time relaxations of the electron-solvent
coupling. Note that upon excitation the electronic solvation
becomes less favorable, mainly due to the more delocalized
nature of the excess charge. The less favorable electronic
solvation should be contrasted with the gradual stabilization
of the—usually competing—water-water interactions shown
in the middle panel, which reflects the gradual buildup of a
stronger hydrogen bond network. Similarly, basic quantum
mechanical arguments can be invoked to rationalize the reduction of the electronic kinetic energy shown in the bottom
panel in terms of the larger spatial extent of the detached
electron.
In bulk phases, explicit dynamical information about the
solvation process can be obtained from time-dependent
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FIG. 6. Normalized relaxation of the solvent energy gap 共see text兲. Same
labeling as in Fig. 4.

Stokes shifts of fluorescent cromophores.24 In computer
simulations, the most direct route to describe the dynamics is
by considering the normalized nonequilibrium response of
the solvent defined by25
S E共 t 兲 ⫽

具 ⌬E 共 t 兲 ⫺⌬E 共 ⬁ 兲 典 ne
;
具 ⌬E 共 0 兲 ⫺⌬E 共 ⬁ 兲 典 ne

共18兲

where ⌬E(t)⫽E 1 (t)⫺E 0 (t) represents the instantaneous
solvent energy gap. In Fig. 6 we present results for S E(t).
The profiles show two interesting features: 共i兲 In large aggregates, they retain the bimodal character observed in bulk
polar media, i.e., a fast, inertial transient that characterizes
the early stages of the solvation 共typically taking place during the first hundreds of femtoseconds兲 and accounting for a
large fraction of the overall solvation response, followed by a
much slower, diffusive regime with a characteristic time
scale of the order of 1–5 ps. 共ii兲 The clear prominence of the
inertial regime in small clusters diminishes as we move to
larger aggregates. In fact, for N w ⫽6 the relaxation is characterized by a unique fast relaxation lasting ⬇50 fs.
A reasonable estimate of the overall time scale involved
in the solvation process can be obtained from the average
correlation time  s , defined as

 s⫽

冕

⬁

0

S E共 t 兲 dt.

共19兲

The entries in the last column of Table II reveal that the
solvation relaxation is approximately one order of magnitude
slower in N w ⫽100 than in N w ⫽6 clusters. The reasons for
such a disparity in the time scales can be found in the observation referred to as 共ii兲 in the previous paragraph and in the
increasing contribution to the total relaxation arising from
the diffusive branch as we move to larger aggregates. Two
different types of motion take place during this stage: first, a
reorganization of the spatial distribution of the water molecules favoring a stronger intramolecular connectivity via
new hydrogen bonds in detriment of the solvation of the
excited electron and, second, the gradual diffusive detachment of the electron away from the iodine. Of course, contributions from the latter motion should relax at a faster rate
in smaller clusters, where full detachment between the iodine
and electron is partially prevented by the spatial restrictions
imposed by the size of the aggregate.
V. CONCLUSIONS

The results presented in this paper provide new insights
into equilibrium and dynamical aspects of electron photode-

tachment reactions in small water clusters. Our main objective focused on assessing the effects of thermal and polarization fluctuations provided by three cluster environments with
different extents of spatial confinement, on the microscopic
mechanisms that drive the reaction. These fluctuations, in
turn, determine the characteristics of the electron localization
and the subsequent detachment following photoexcitation of
the probe. In this first approach to the problem, we incorporated only the basic ingredients that would allow us to acquire a reasonable, qualitative description of the solvation
dynamics. Consequently, no efforts have been made at this
stage to perform a detailed analysis of possible choices for
the different Hamiltonian parameters. The mixed quantumclassical approach that we adopted included two main approximations: 共i兲 Quantum fluctuations were described exclusively in terms of a simplified one-electron-coupled-to-aclassical-bath model; 共ii兲 The dynamics of the classical
nuclei was computed within the adiabatic approximation. As
such, our simulation experiments predict a gradual transition
from surface- to bulk-like solvation states for the I⫺ as we
move from N w ⫽6 to N w ⫽100. The transition between these
limiting solvation states leads to a gradual stabilization of the
ground and manifold of excited electronic states and also to
a gradual blueshift in the corresponding absorption spectra,
in agreement with experimental results.
From the dynamical point of view, the excitation of the
probe in N w ⫽6 aggregates generates highly diffuse electronic states with typical sizes of ⬇20–30 Å; these electrons
remain weakly attached to the cluster surface, with typical
binding energies in the order of a few tenths of eV. The
charge delocalization induces a weaker electron-solvent coupling and promotes an overall reorganization in the solvent
characterized by a stronger intramolecular hydrogen bond
network. The whole solvent relaxation process requires
0.05–0.1 ps. In larger aggregates, the extent of the initial
electron delocalization is drastically reduced, and the subsequent diffusive adiabatic detachment of the electron from the
iodine exhibits characteristics similar to those found in conventional macroscopic phases.10 In the case of N w ⫽100
clusters, the solvent reorganization is significantly slower
and requires 0.6 ps.
Finally, we would like to point out that, regardless the
specific cluster size considered, we found no evidence of
relaxation channels involving either electronic stabilization
via solvation or isomerization transitions between two different stable solvation states. These results clash with experimental evidence of time-dependent VDE measurements in
N w ⫽6 clusters.15 Although the reasons for such discrepancies remain obscure to us, we can speculate on a few plausible reasons to account for the lack of agreement. The particular choice for the Hamiltonian is perhaps one of the first
points that should deserve further investigation: The TIP4P
model has proved to be well suited to describe structures and
energetics of small aqueous clusters;26 however, in systems
involving excess charges, it may turn out to be too ‘‘hydrophilic’’ and not properly balanced by the electron-water and
electron-iodine effective interactions adopted here. In this
respect, although we put special effort in optimizing the parameterization of the latter interactions so as to obtain rea-
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sonable agreement with more elaborate quantum calculations, our very much simplified one-electron model might
still yield a rather poor description of highly diffuse, excited
electronic states. The absence of polarization effects in the
solvent is also a second aspect that will require additional
analysis. The sudden changes in the electronic density of the
solute are likely to be followed by strong polarization fluctuations, particularly in the case of small aggregates. We note
that a few exploratory test runs using the fluctuating charge
model by Rick, Stuart, and Berne27 failed to provide a stable
dynamics of the partial charges in small clusters—possibly
due to the exceedingly large energy gap between the ground
and first excited states of the probe—and furthermore, did
not show any qualitative change in the solvation responses of
the larger aggregates. The validity of the quantum adiabatic
dynamics hypothesis for the nuclei and the possibility of new
relaxation channels involving nonadiabatic transitions is another point to be taken into consideration. In bulk phases,
besides the usual adiabatic detachment process, transitions
between different Born-Oppenheimer surfaces may lead to
nonadiabatic tunneling in which electrons are transferred directly to the solvent without the involvement of a CTTS
state.8 At this point, the importance of the effects arising
from these kinds of nonadiabatic transitions in cluster environments is of difficult prediction. Investigations along these
directions are currently being undertaken in our laboratory
and will surely provide new answers in clarifying these controversial issues.
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