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Abstract: In contrast to the extensive theoretical investigation of the solvation phenomena, the dissolution
phenomena have hardly been investigated theoretically. Upon the excitation of hydrated halides, which
are important substances in atmospheric chemistry, an excess electron transfers from the anionic precursor
(halide anion) to the solvent and is stabilized by the water cluster. This results in the dissociation of hydrated
halides into halide radicals and electron-water clusters. Here we demonstrate the charge-transfer-to-solvent
(CTTS)-driven femtosecond-scale dissolution dynamics for I~ (H20),-2—s clusters using excited state (ES)
ab initio molecular dynamics (AIMD) simulations employing the complete-active-space self-consistent-field
(CASSCF) method. This study shows that after the iodine radical is released from 17(H20),=2-5, a simple
population decay is observed for small clusters (2 < n < 4), while rearrangement to stabilize the excess
electron to an entropy-driven structure is seen for n = 5. These results are in excellent agreement with the
previous ultrafast pump—probe experiments. For the first ~30 fs of the simulations, the iodine plays an
important role in rearranging the hydrogen orientations (although the water network hardly changes), which
increases the kinetic energy of the cluster. However, ~50 fs after the excitation, the role of the iodine
radical is no longer significant. After ~100 fs, the iodine radical is released, and the solvent molecules
rearrange themselves to a lower free energy structure. The CTTS-driven dissolution dynamics could be
useful in designing the receptors which are able to bind and release ions in host—guest chemistry.

biological molecular recognitioh,and engineering self-as-
sembled nanomaterials which involves the interaction with
The nanoscopic details of ietwater cluster interactiofs? ions 1011 Recently, interfacial hydrated halide anions (in par-
are important for understanding solvation phenomena in chemi-ticyjar, jodide) on the surface of the sea are considered to have
cal processes,® designing efficient ionophores/receptors for 4 gignificant effect on atmospheric chemistry (such as increasing
ozone levels by forming active halogen compourid$)hoto-
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the transfer of an electron from the anionic precursor to the
solvent!3-18 je., the charge-transfer-to-solvent (CTTS) phe-
nomena?® This photoexcitation dissociates hydrated halide
anions into active free halide radicals and water clusters with
an excess electron 1éH,0),]2%2in which the excess electron

is stabilized by the electrerdipole (e-u) interaction with the
dipole-driven water cluster. This halide ion detachment mech-
anism in the photoexcitation-driven dissolution dynamics would
be of crucial importance in designing novel dynamic receptors

proposed to explain the mechanism of photoexcitation of
X~(H0)n.125 Therefore, accurate excited-state molecular dy-
namics (MD) studies have been called upon. However, such
studies have hardly been carried out because of either unreliable
intermolecular potential parameters or extremely heavy comput-
ing resources. Timerghazin and Peslhétlearried out AIMD
simulations for an excited-state of(H,0)s. Kotaski et al?’
compared AIMD simulations of excited states ofH-O); and
Cl~(H20); clusters. Cl and | atoms exhibit similar behaviors,

which can selectively bind ions and release them by charge whereas their dynamics are slightly different in the time scale.

transfer upon the excitation. It should be emphasized that,
although the ion capture by ion recognition has been well

However, there has been a long-standing controversialidséé
and yet no clear understanding of the difference in dynamics

studied, the ion release has never been exploited despite itsas the water cluster size of hydrated iodides increases. Here,

extreme importance as the extension of the hgsiest chem-
istry.

The CTTS state is a sensitive probe of local solvent structure
formation. The waterwater H-bond-making/-breaking of iodiee
water clusters has been investigated using IR spectrogéopy.
Johnson and co-workéfshave found that 1(H20)-¢ com-
plexes undergo the electron transfer fromté the network of
water molecules. Neumark and co-worKesbserved a shift to
higher vertical detachment energy (VDE) at early ptatppbe
delays for €(H,O).=s6 This demonstrates that the clusters
comprising up to four water molecules exhibit simple population
decay, while the clusters far = 5 are involved in complex
dynamics along with reorganization of water molecules to
stabilize the excess electron.

Ab initio calculations for X (H,0), (X = F/CI/Br/1)*® as well
as €(H,0):?* have been extensively studied to determine the
minimum energy structures, ionization potentials (IPs), OH
stretching frequencies, and CTTS energies. All these small

clusters have surface or near-surface bound states. To date, a2

we investigate the difference in the photoexcitation dynamics
between T (H20)n=2—4 and I"(H20),=5 using excited-state AIMD
(ES-AIMD) simulations.

2. Calculation Methods

In this work, O and H atoms are treated with the aug-cc-
pVDZ+(2s2p/2s) basis set, where the extra diffuse 2s2p and 2s
functions are added to all oxygen and hydrogen atoms in order to
properly describe the excess electfbm the case of 1(H.O),, large-
sized basis sets are necessary to study the excited states, and highly
diffuse functions are needed for the study of the dissociation of the
anionic species including éH,0),. Otherwise, the excess electron of
the diffuse nature could be treated as if it were a pseudovalence electron,
against the reality. The dependency of basis set on stabilities and
electronic properties of iodidewater clusters was investigated in terms
of the extra diffuse basis functions and the polarization functions of
d-orbitals of oxygen atoms and p-orbitals of hydrogen atoms. The
CASSCF(6,6)/aug-cc-pVDEZX(3s3p/3s) calculations were performed
for the I7(H20)s cluster. The X(3s3p/3s) basis set (the exponents of
which are 0.01, 0.00125 and 0.000015625) was used to evaluate the
xtra basis set for the relative stabilities and vertical detachment
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present study. Since the aug-cc-pVDZ basis set is not available for
iodine, the CRENBL effective core pseudopotential (ECP) basis set
was used? Calculations were carried out by using the HONDO suite
of programg® CASSCF ES-AIMD simulations were performed for the
excited states of (H,O).—2—s complexes. For clusters comprising up

to three water molecules, the active space comprising six electrons and
six active orbitals was used [CAS(6,6)]. Because ES-AIMD simulations
require enormous computing time for four and five water molecules,
the optimal choice of the active space for the reduction of computational
resources is needed, even though the computational accuracy is slightly
sacrificed. Thus, a reduced active space was used for the practical study
of larger complexes on the basis of the following assumptions: (i) We
performed CASSCF ES-AIMD simulations for the(H,O); complex

using different active spaces [CAS(4,3), CAS(4,4), CAS(6,6)]. The
results of these simulations are almost identical; (ii) The excited states
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or charge-transfer states of the(H,O), complex [relevant to the -0.5-

transition between the highest occupied molecular orbital (HOMO) and g — O o

the lowest unoccupied molecular orbital (LUMO)] arise from the _ -0.6-

excitation of the electron localized on the iodide anion to a more g

delocalized state on the water cluster. Since the promotion energies £ 7.

are larger than the electron affinities for the iodine atom, and the iodine’s g | o

p-orbital pointing toward the water cluster is different from that of the 8 _0_3_0.‘-—-"""'”

other two p orbitals, the active space of CAS(4,4) contains the essential £ ] a.—-/”'A_ N N A

MOs involved in the photoexcitation and the rearrangement of the water g 0.9

cluster including the excess electron. In this regard, for the reliable e

understanding of the dissociation phenomena @fH3O),-45 CAS- : —— W2

(4,4) is the only feasible and yet the most up-to-date approach currently 2 -1.0- Xm

available. % —— W5 300K
The ES-AIMD simulations of the (H,0).—2—s clusters were carried -1.1-

out for 800 fs i = 2—4) and 600 fsif = 5) with a time step of 0.2 fs. )

Shorter time scale simulations for= 5 (300 fs) were also carried out -1.2 tll " 260 ” 460 T 6[')0 " 860

with a time step of 0.1 fs. The initial structures having the ground-
state minimum-energy geometry of(H.O),-2—5 (optimized at the Time [fs]
CASSCF/aug-cc-pVDZ(2s2p/2s) level) were vertically excited. In  Figure 1. Difference between CASPT2 and CASSCF energies [hartree]
addition, somewhat different initial geometries and different initial for 17(H20)n=2-5 clusters.

kinetic energiesE) were also studied in consideration that they could

N X . . . Table 1. CTTS E i V) of 17(H20)2-52
significantly affect the conformational changes during the simulations. — nergies (V) of I (H20)z-s

We set the initialKE (KEo) of the ground-state (H,O)n-»—s clusters CIS  TD-DFT  CAS-SCF  CAS-PT2  SAC-CISD  expt’

to 0 and 300 K. In particular, in the case of(H,0)s which shows I=(H0), 5.07 3.53 4.36 4.26 4.47 3.95
complex dynamics behavior, we studied the cases wittKeagof 0, I"(H0); 5.46  4.16 4.94 4.70 4.82 4.25
100, 200, 300, and 400 K, and furthermore, additional cases with | (H0)% 5.60  4.35 5.11 4.86 493 450

different initial velocities at 300 and 400 K, and another case with I"(H0)s 563 4.18 5.02 4.83 4.81

different initial geometry at 300 K. The individual starting velocities aThe basis set used is aug-cc-pVB@s2p/2s) for O and H and

at finite temperatures were assigned according to the classical Boltz- cReNBL ECP for I. Our previous theoretical values using different basis
mann distributior?® Since there is no significant difference between sets are in ref 18 Reference 23.

the two temperatures, many different simulations with different initial
velocities may not be needed. Thus, we report only the case of 0 K. point CASPT2 calculations for selected geometries f@HO)n—2-5

For the simulations, one may consider the NVE ensemble. However, clusters. The second-order perturbative correction significantly decreases
in this case, the excitation energy of(H,0)n=2-5 (4.0-4.5 eV is the total electronic energy, but the differences between CASPT2 and
much higher (by 0.51 eV) than the sum of the electron affinity of =~ CASSCF energies are almost constant (Figure 1). Thus, the energy
the iodine (3.06 eV} and the iodine-water binding energy~0.5 eV)!8& change in the CASSCF approach is similar to that in the CASPT2
Then, as time elapses, tliE becomes so highx500 K) that each approach, because the dispersion energies of the same-sized clusters
cluster tends to be almost fully dissociated into the iodine radical, water are almost equivalent.
monomers, and an excess electron. Namely, the average kinetic energy Many reactions involved in the excited electronic state would be
per water molecule is-5 kcal/mol, which should be compared with  properly described within the adiabatic Ber®@ppenheimer approxima-
the free binding energy of the water dimer which~€ kcal/mol at tion. It may, however, be violated when the energy splitting between
230 K and~3 kcal/mol @ 0 K (Even the zero-point energy uncorrected adiabatic potential energy surfaces is comparable to that of the
binding energy &80 K is ~5 kcal/mol)3? Then, while hot clusters are  corresponding non-adiabatic couplings. Although the non-adiabatic
almost fully dissociated, only colder clusters would retain the original effects would not be so significant in the present case, this consideration
water cluster size without dissociation into smaller clusters. Therefore, would be desirable. However, at present it is not possible to incorporate
as time elapses, the NVE ensemble would change into the NVT-like the non-adiabatic couplings in molecular dynamics simulations.
ensemble. In this regard, we considered slow damping foKthén
simulations Then, in the initial stage, the system behaves like the NVE 3. Results

ensemble, but as time evolves, the temperature of clusters decreases. . .
This would be similar to the experimental situation that the temperature Table 1 lists the CTTS energies of(H20).-5 calculated at
various levels of theory. The CASSCF predicted values are in

of clusters eventually quenches to that of heat bath. : . 2
At the CASSCEF level the dynamical correlation effects are not taken reasonable agreement with the experimental vaities.

into account; thus, the dispersion energy cannot be properly recovered 1he ES-AIMD simulations for an excited state o{0)>-4

at this level of calculations. The dispersion energy is important for €xhibit simple dissociation, while that of (H20)s shows drastic
dipole-bound electror®. Therefore, AIMD simulations based on the rearrangement. Snapshots of the time evolution of structures
complete active-space second-order perturbation theory (CASPT2)and excess electron densities of théH,O),—»—5 clusters upon
method seem to be more reliable. However, we should understand thatthe excitation are drawn in Figures 2 and 3, respectively. The
CASPT2 is computationally very demanding and in many cases eyolutions ofKEs of the iodide atom and water molecules are
diverges due to the “intruder state” problem. We performed single- depicted in Figure 4. The time evolutions of the iodixygen
distances(I---O)] and the inter-oxygen distanceg®---0)]

(30) Kim, K. S.; Nguyen, H. L.; Swaminathan, P. K.; Clementi, E.Phys.

Chem.1985 89, 2870. are shown in Figures 5 and 6, and the time evolution of natural
(31) r7a7ngstorp, D.; Gustafsson, M. Phys. B: At. Mol. Opt. Phys.992 25, bond orbital (NBO) chargé? of the iodide atom and water
32) (a) Kim, K. S.; Mhin, B. J.; Choi, U-S.; Lee, K. Chem. Phys1992 97,

6649. (b) Mhin, B. J.; Lee, S. J.; Kim, K. hys. Re. A 1993 48, 3764. (33) Glendening, E. D.; Badenhoop, J. K.; Reed, A. E.; Carpenter, J. E;

(c) Lee, H. M.; Suh, S. B.; Lee, J. Y.; Tarakeshwar, P.; Kim, KJS. Bohmann, J. A.; Morales, C. M.; Weinhold, F. NBO 5.0 program (2001),

Chem. Phys200Q 112, 9759. Theoretical Chemistry Institute, University of Wisconsin, Madison.
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Figure 2. Snapshots of the evolving process ofH»0),—2-5 clusters upon excitation taken from excited-state ab initio molecular dynamics simulations.
All the cases are foKE;=0 K except for casea = 5 which are forKEy = 0, 100 and 300 K.

molecules is depicted in Figure 7. The time evolution of the However, there appear apparent differences in the final structures
total potential energy of the cluster is shown in Figure 8. between different temperature simulation results 6 in Figure

For I7(H20)n=2-4, the simulation results foKE; = 300 K 2).
(not shown here) are overall similar to those of 0 K. Thisis  Upon the excitation, 1(H2O), releases the iodine radical,
partly because thKE of one H atom (or H atoms), which isin  resulting in the formation of the water clusters containing the
close contact with the iodide, increases drastically up1600 excess electron [€H,0),]. Their time evolutions are as follows.
K (or several kcal/mol) within the first-30 fs of the simulation Before the excitation, the iodide anion interacts with the
(Figure 4). Thus, the additional kinetic energy due to the initial positively charged H atoms of water molecules with almost ionic
kinetic energy of a few hundred K does not significantly affect interaction at a short H-bond distance. Upon the excitation (at
the overall dynamics of the clusters. Since the simulations with 0 fs), the electron density changes instantly from the iodide to
the initial zerokE (i.e., KEg = 0 K) are unique and furthermore  the water cluster (Figure 3), and then the strong ionie:Ho*+
very similar to the representative one (due to the most probableinteractions at a short H-bond distance are instantly replaced
distribution) among many samplings at low temperatures, we by the strong repulsion between the neutralized iodine radical

here discuss only the caseski, = 0 K for |7 (H20)n=2-4. In

the case of 1(H20)s which shows complex dynamics, we
performed a number of ES-AIMD simulations with different
KEy's (0—400 K), different sets of velocities, different initial

and the H atom(s) of the water clusters-¢H repulsion). Thus,
the iodine radical begins to release from the water cluster,
resulting in the fast increase &E in the H atoms involved in
the OH reorientation. In the beginning, the H atoms rotate along

geometries, and different time steps. No important differences the O--O axis away from the iodine radical so that the cluster
between simulation results were noted at the same temperaturestructure can be reasonably stabilized (Figure 2). With80

106 J. AM. CHEM. SOC. = VOL. 130, NO. 1, 2008



Mechanism of CTTS-Driven Dissolution/Dehydration

ARTICLES

9

® o6 e
¥ @ T ot

o
ground state °
n=2 0fs 100 fs 800 fs
® 20 °
o
wd ® X
ground state
n=3 0fs 100 fs 800 fs
. . 9
o j @ 8 - e -]
v e @
ground state
n=4 0fs 100 fs 800 fs
o

o
gs% . Y
6o ¥ % ?

og® — ‘
8 4 r ;\'\_‘
ground state oo bo =
n=3 0fs 100 fs 600 fs

Figure 3. Snapshots of the evolving process of the excess electron density
of 17 (H20)n=2-5 clusters upon excitation. All the cases are i,=0 K
except forn = 5 which is forKEy = 300 K.

fs, theKE of the H atom attached to O1 (which is nearer to |
than O2 is) is maximized (Figure 5), as thte-‘H repulsion

temperature effect becomes important. A more detailed descrip-
tion of the simulation results of (H>O),—2-s5 is given below.
I7(H20),. For the F(H»0), cluster, we observe a simple
mechanism of the electron transfer from the iodide to the water
cluster (Figure 3), followed by the iodine detachment along with
the charge redistribution over the water dimer. The analysis of
r(I---O) shows that the time evolutions of two water molecules
are different (Figure 5). The water molecules form a dimer
during the MD simulation since thKE is slowly damped as
time elapses. Without damping, the cluster would be completely
dissociated into the iodine radical, two water monomers, and a
free electron. Thus, the electron release would be observed from
the hot dissociated clusters. Upon the excitation, at O fs, the
excess electron density of the iodine instantly transfers to the
outer vacant space around the dangling H atom of the water
molecule (HO-2) (the proton acceptor which can eventually
be transformed to the double proton acceptor: AA), though it
is less near to the iodine. For the first-300 fs, owing to the
strong t---H repulsion for HO-1 (against the strong{--H
interaction on the ground state), the distances betweenr the |
radical and two H atoms increase with acceleration (showing
high curvature of the curve for distance vs time, toward the
stabilization of the cluster) by changing the orientation of the
rapidly moving H atoms about the slowly moving heavy O
atoms in the water molecules. In this way, the reductiorr-of |
-*H repulsion by reorientations of H atoms stabilizes the cluster,
resulting in drastic lowering of the potential energy of the
cluster. Thus, the first local minimum along the time evolution
of the potential energy occurs at30 fs (Figure 8) with the
maximizedKE (~5 kcal/mol) of HO-1 (Figure 4). After~40
fs, the t--O distance f(I---O)] increases slowly and steadily.

weakens, while the sudden excessive rotation increases thelhe water molecule denoted as®t1 (proton acceptor) close

torsional energy for the rotation of the H atoms through the
O---O axis. Then, this excessive rotation helps rearrange the H
atoms until~60 fs. After~60 fs, the O atoms (i.e., the water
network) begin to undergo the rearrangement (Figure 6). Around
~100 fs, the reconstruction of the water network (such as bond
opening) is partly done. After-100 fs, the reconstruction is
slowly made.

If the initial water cluster conformation of the complex is in
a less stable or metastable conformational regiorm @fgO),,
it would eventually change to the lower-energy conformation.

In Figures 2 and 5, as time evolves, the iodine radical releases;

while I7(H20), gives the structure of €H,0),, the I"(H,0);
cluster undergoes a simple ring-opening process from the
triangular to linear structure and eventually changes to the linear
structure of e(H20)s, and I"(H.,0)4 forms the cyclic anionic
water tetramer gH,0), whose structure is completely op-
positely reoriented with respect to the initial cyclic structure.
In the case of 1(H,0)s, the structure undergoes a complicated
rearrangement process. The energy gaii €V) upon the
excitation is distributed to five water molecules as well as the
iodine radical, giving the average energy-of kcal/mol per
water molecule which is slightly larger than the H-bond-breaking
energy of the water dimer{3 kcal/mol at 0 K) but comparable

to that of the water pentamerb kcal/mol & 0 K and~0 kcal/

mol at 230 K)32 Then, as a small amount &, (e.g., 100 K

or ~1 kcal per water molecule; 200 K o2 kcal/mol per water
molecule) is added to the cluster, the conformational transition
barriers can be easily overcome. Thus, in this case, the initial

to the iodine atom starts to be repelled much faster than the
other water molecule denoted as®42 (proton donor). After

80 fs, the distance from the oxygen of®t+1 to the iodine atom
becomes longer than that from the oxygen o2 (Figure

5). The O+02 distance [(O1-02)] oscillates between 2.6
and 3.3 A, keeping the H-bonding in cold clusters due to the
KE-damping (Figure 6). Given that the experimental radial
distribution function of the liquid water gives the first minimum
distinguishing between the first and second hydration skells,
the H bond is loosened for the interoxygen distance over 3.4
3.5 A, and this distance is related to the turning point for the
H-bond breaking. Without thKE-damping, the H-bond in the
water dimer would break, and the excess electron would be
released. The period of the ©D2 stretching vibration mode
(Figure 6) is~200 fs. The investigation of NBO charges (Figure
7) leads to the prediction that at O fs the iodine an®¥2 are
almost neutral, while bD-1 is negatively charged-0.78 au).
After 800 fs, the cold structure of the excess-electron water
dimer resembles the most stable 2CsC conformer (though more
accurate description should be given as the quantum probabilistic
structure! due to the strong electrerdipole (e-u) interaction.

I~ (H20)s. In the case of 1(H,0)s, the geometry of the excess-
electron water cluster changes significantly from the initial
structure. In the beginning, three water molecules form a stable
cyclic trimer with three H atoms pointing toward the iodide

(34) (a) Soper, A. KChem. Phys200Q 258 121. (b) Soper, A. K.; Philips, M.
G. Chem. Phys1986 107, 47. (c) Kim, K. S.Chem. Phys. Lett1989
159 261. (d) Sharp, K. A.; Madan, B.; Manas, E.; Vanderkooi, J.JM.
Chem. Phys2001, 114, 1791.
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anion. Upon the excitation, at O fs, the excess electron densityincreases slowly in the beginning (Figure 5). Afted00 fs,

of the iodide instantly transfers to the opposite side of the the water molecules begin to rearrange themselves because
triangular plane of the water trimer. For the firstlO fs, owing during the H reorientation the three--tH distances are

to the strong*t--H repulsion, the distances between thedlical somewhat different from each other, and one of H-bonds
and three H atoms increase rapidly by changing the orientationweakens more or is partly broken due to the significantly bent
of the rapidly moving H atoms about the slowly moving heavy angle of OH--O. This results in the emergence of the AA-type

O atoms in the water molecules (Figure 2). Thus,rfie-O) dangling H atoms which enhances the dipole moment, and so
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Figure 7. Time evolution of NBO charges localized on the iodine atom and water molecules.

the three &-0O distances begin to be different to form a more surrounding excess electron density, while the other two become
stable linear structure of €H,0)s. After 200 fs, the cyclic trimer almost neutral. Thus, the dipole moment of the water cluster
is completely open (the G103 distance is 3.4 A). As time  (excluding the excess electron) increases.
elapses, this inter-oxygen distance continuously increases. At |n the case of the excess-electron water trimer, the cyclic ring
500 fs, it reaches the maximum value (5.6 A) which is a fully structure is the most stable, but it has negligible VDE (8.00
extended linear water chain, while after that the distance shows(.01 eV)2! Then, the rapid tunneling effect is expected to make
oscillations. The bending/linear oscillations show the period of no distinction between the cyclic excess-electron water trimer
~250 fs. (i.e., the system that a nearly free electron is bound to the neutral
As for the charge distribution, in the beginning, the negative water trimer) and the system composed of the neutral cyclic
charge is evenly distributed over the whole water cyclic trimer. water trimer and a free excess electron. Therefore, the lowest-
During 200 fs, the charge is quickly redistributed, and one water energy structure for the electron water trimer is considered to
molecule (AA type) becomes negatively charged due to the be the linear conformer with the VDE of 0.13 eV, in agreement

J. AM. CHEM. SOC. = VOL. 130, NO. 1, 2008 109



ARTICLES Kofaski et al.

-261.49 -337.53 -413.58 -

I(H,0), (0 K) I(H,0),” (0 K) I(H,0), (0 K)
-337.54- 413.59
) = ) )
S, 8, S,
> -261.50 - > |
2 D -337.55- g 41380
0
c < <
L @ @
s 5 T 413.614
& £ -337.56 g
< < <
£ 26151 g g
s s S 4362
-337.57-
413.63-
-261.52 T T T . -337.58 T T T ! T T T )
0 200 400 600 800 0 200 400 600 800 0 200 400 600 800
Time [fs] Time [fs] Time [fs]
-489.64 - 489.64- . 489.63 _ .
|'(|.|20)5' (0K) I'(H,0), (100 K) I'(H,0), (300 K)
= = — 489.64
7 48965 3 480.65 z
> > >
g 5 2 48965
< < <
© -489.66 G 489.66- s
s s s
g £ £ -489.66
2 & 2
o o o
o 489.67 o 489.67- a
489.67-
-489.68 T T T T T 1 -489.68 T T T T T ] -489.68 T T T T T )
0 100 200 300 400 500 600 0 100 200 300 400 500 600 0 100 200 300 400 500 600
Time [fs] Time [fs] Time [fs]

Figure 8. Time evolution of the potential energy of the(H,O),—2-5 clusters.

with the experimental value (0.13 e¥)The KE of the neutral indicates that the excess-electron water tetramer (which is the
iodine is almost constant during simulatios@.5 kcal/mol). global minimum) is formed around 90 fs (Figure 8).
The KE of water molecules increases in the beginning (for 50 | ~(H,0)s. In the ground state, the water pentamer cluster in

fs) due to the +-H repulsion upon the excitation, which results  |-(H,0)s has a planar cyclic water tetramer with a water
in reorganization of the water network. During simulations, the molecule attached to the tetramer through a H-bond. For the
KE of water molecules fluctuates (Figure 4). The-H repulsion I-(H20)s complex, we performed (i) five different ES-AIMD
(instead of thet--O repulsion) takes place in a short time scale simulations ofKE; = 0, 100, 200, 300, and 400 K, (ii) two
of dynamics, and this eventually leads to the rearrangementadditional different ES-AIMD simulations d£E, = 300 and
process of the O atoms toward the linear excess-electron water400 K (with different initial velocities and smaller time steps
cluster?* of 0.01 fs) using the initial geometry of the CASSCF/aug-cc-
17 (H20)4. For I7(H0),, the topology of the cyclic water — pVDZ+(2s2p/2s) ground-state minimum-energy geometry, and
tetramer is conserved during the simulation. In the beginning, (iii) two extra ES-AIMD simulations ofKE; = 0 and 300 K
the water tetramer forms a planar cyclic ring with H atoms using different initial geometries (not the minimum energy
pointing toward the iodide. Upon the excitation, at O fs, just geometry). The simulation results are overall similar, but there
like the case of 1(H.O)s, the excess electron density of the is a significant difference in structures and electronic properties
iodide instantly transfers to the opposite side of the tetragonal (dipole moment, VDE) between ¢h0 K and 106-400 K
plane of the water tetramer. For the firsti0 fs, the distances  simulations (Figure 2). The latter has the linear-like structure
between the*lradical and three H atoms increase rapidly by due to the entropy effect (which tends to have more flexible
changing the orientation of the rapidly moving H atoms due to structures with fewer H-bonds), while the former has a tetragonal
the strong *--H repulsion (Figure 2). Thus, the(l-:-O) ring because the final structure iSEq = 0 K is more stabilized
increases slowly, and so after 100 fs, water molecules compris-by an additional H-bond than the linear structures K& =
ing the water network are completely reoriented with respect 100-400 K. However, the skeletons f&f, = 0 K and 106-
to the initial geometry. The analysis of inter-oxygen distances 400 K are similar except that the former has one additional
shows that they do not change significantly during the MD H-bond near the quasi-tetragonal ring shape of the linear
simulation. Thus, the overall rearrangement of the water cluster structure. In this regard, except fiE; = 0 K, all the results
during the MD simulation is minimal. Upon the excitation, the are overall similar regardless of the initial geometry and different
negative charge transferred from the anionic precursor to the velocities. We find that this is due to the fact that abevE00
water tetramer is evenly distributed over the water tetramer K the linear structure of §H,0)s is more stable in free energy
network. The charge redistribution during the simulation is not than the tetragonal ring structure. As compared with the
significant because the tetramer ring structure is conservedtetragonal ring structure, the linear structure is 1.0 kcal/mol less
during the simulation, while the charges localized on water stable at 0 K, but begins to be more stable above 100 K and
molecules fluctuate (Figure 7), since the excess electron is4.2 kcal/mol more stable at 298 K at the B3LYP/6-312G**-
delocalized inside the tetragonal ring structure. During the first (Sp) level of theory. We discuss two representative simulation
~30 fs theKE of each water molecule increases up to 2.5 kcal/ results forKEo = 0 and 300 K.
mol due to the rapid rotation of water molecules (i.e., H For theKEg of 0 K, the topology of the cyclic water tetramer
reorientations) (Figure 4). The total potential energy evolution is conserved during the simulation; however, the hydrogen bond
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Figure 9. Time evolution of the vertical detachment energy (VDE) fo(H2O).=2-5 and the dipole moment of the neutral state on th@d4O).=2-5
geometries. ForTi(H20)s time evolutions of VDE are drawn for different initial temperatures.

between HO-1 and HO-4 is broken for a while (for-300 fs). fs, the drastic reconstruction of the water network (such as bond
For the KEy of 100-400 K, the cyclic water tetramer is opening) is partly done. After120 fs, the reconstruction is
converted to a quasi-linear chain. These final structures reflectslowly made. In the beginning of the simulation, tK&s of

the entropy-driven dynamics. Although the structural evolution H,0O-2 and HO-5 are remarkably larger (Figure 4) than for other
for the KEp of 0 K does not reproduce the experimental VDE water molecules. However, the increasés, though damped,
evolution, those for th&KEo of 100-400 K are in excellent s not small, and the resulting excess-electron water cluster tends
agreement with the experiment. This implies that the temperatureto have the minimum free energy structure.

in the experiment would be 166100 K. When the initial
temperature increases, the cyclic water tetramer opens faster
At higher temperatures, the iodine radical releases faster from
the system. Additional simulations fétEy = 300 and 400 K
using different initial velocities indicate that the effect due to

the different initial velocities is not significant. . . . .
excited state of anioAwater clusters is a challenging problem

From the charge analysis, the dangling water molecule (proton]c lectronic struct lculati b the di ion f
acceptor) has half the total negative charge at 0 fs and nearly or electronic structure calculations because the dispersion forces
contribute significantly to the electron binding. The VDE

the total negative charge after 100 fs, whereas the other water X . 3
molecules are almost neutral. The potential energies of the €volution of the excited state of halidevater cluster was
clusters tend to decrease with the evolution of time (Figure 8). thus calculated by using our previous appro#chihe experi-
During the simulation, the excess electron-water cluster changeshental VDEs of T(H20)" are estimated to be 0.03, 0.08, and
significantly with respect to the initial structure. The planar 0-16 eV for clustersy = 2, 3, and 4, respectivef}f. For the
cyclic tetramer with the dangling water molecule is converted VDE of 17(H20)s*, the shift from 0.15 to 0.4 eV was ob-

to a quasi-linear chain. As shown in Figure 2, the fast moving Served in the experiment around 600 fs after the excitdfion.
H atoms move away from the iodine radical through the This is demonstrated from the calculated VDEs which
reorientation along the O atoms of the water molecules, and increase from 0.15 to 0.38 eV during 600 fs. This demonstrates
are out of the repulsion region in 230 fs. The reorientations  that the cluster fom = 5 involves complex dynamics with

of H atoms continue to form a more stable conformation in significant reorganization of the water network to more ef-
terms of the H reorientation till 50 fs. After 50 fs, the slowly fectively stabilize the excess electron against the simple
moving O atoms (i.e., the water network) begin to undergo the population decay of the cluster for = 2—4. Although the
rearrangement to form a more stable conformer. Arotd@0 changes in VDE calculated at different temperatures are not

Vertical Detachment Energy. For the I'(H,O)s cluster, we
computed VDEs for the different conformations formed
during ES-AIMD simulations oKEy = 0, 100, 200, 300, and
400 K using the CASSCF ground-state minimum energy
geometry (Figure 9). Accurate calculation of VDEs for the
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identical, the abnormal shift in VDE is observed for the case of and She#d that iodine plays an important role. Howeve30
KEo above 100 K. fs after the excitation, the role of the neutral iodine is not
We calculated dipole moments of neutral }®)n=2-s com- significant except that the initial kinetic energy of the cluster
plexes (Figure 9). It is evident that the VDE is strongly increased because the duration of theH repulsion is very
correlated with the dipole moment of the corresponding neutral short. After the iodine radical is released, the solvent molecules
I(H20)n=2—5. The VDE is dominated by the electredipole with some highKE rearrange, which is consistent with the
interactions. In the case of (H,O)s clusters withKEy = 100— “solvent-driven” model proposed by NeumarEhus, both the
400 K, the water network is reorganized to increase the dipole important role of the iodine and the spectator role of the iodine
moment. The increase in dipole moment is strongly correlated in the dissolution dynamics are considered correct but not
with the emergence of the double proton acceptor (AA) of the complete. Nevertheless, during the first2D fs, only the H
dangling water molecule in the cluster. This dynamics-driven orientations rapidly change, whereas the water network hardly
molecular rearrangement process tends to lead to the formationchanges. Thus, the overall picture seems to be more consistent
of the entropy-driven linear structures because of the increasedwith the solvent-driven model.

kinetic energy.
) ) Concluding Remarks
Discussion

In the beginning of ES-AIMD simulations of (H20),, the
KE rapidly increases due to the strong repulsion between the
iodine atom and the H atoms in the water cluster. Thus, the H
atoms reorient very fast, resulting in the fast release of the iodine
radical. On the other hand, the slowly moving O atoms begin
to affect the reorganization of the excess-electron water network
at~50 fs. Therefore, except for the initial strong1H repulsion
at the initial stage upon the excitation, the iodine atom in the

dissolution process is almost an inert spectator, playing an o .
P P » Paying after the excitation and why the evolution process¢HLO)s

insignificant role in the subsequent dynamics in which the_ is different from other smaller sizes of clustergHi,O),—4. TO
excess-electron water cluster undergoes the rearrangement with

the highKE arisen from the*t--H repulsion. This higtKE is reproduce experimental VDE vz?\lues .fOT(H'IZO).S’ It was
; L o necessary to perform ES-AIMD simulations at higher temper-
quickly distributed to the H atoms within 50 fs, and so the . L2 .
S . N . atures. The present ES-AIMD study gives an insight into the
directional momentum in favor of a kinetics-driven structure . . . g o
o : . mechanism of the dehydration/dissolution phenomena of iodine
would not play a significant role in the reconstruction of the atoms and the rearrangement process of the excess-electron
water network. The ES-AIMD simulations of (H2O)n=2-4 9 P

show that the resulting structures are of the lowest energy water clusters by photoexcitatior.(H20)n=2-4 show simple

structures because both the global minimum energy structuresIOOIOUIation decays because the minimum free energy structures

- . around 300 K are equivalent to the global minimum energy
and the minimum free energy structures are equivalent. How- o
. . ; . o structures at 0 K. On the other hand(H,0),-s exhibits the
ever, in the ES-AIMD simulations of (H,0)s with KEy = . . o
; entropy-driven dynamics because the minimum free energy
100-400 K, the resulting excess-electron water clusters are not . . .
. ) L structures (i.e., linear structure) around @00 K are different
necessarily the same with the global minimum energy structures

at 0 K but reflect the entropy-driven structures which can be from the m@mum energy Str_UCt_ureS at 0 K.
obtainable at high temperatures. Both the important role of iodine and the spectator role of

Here, we have shown that the iodine plays an important role iodine in the dissolution dynamics are considered correct but
for the first 20-30 fs of MD simulations. Upon excitation, the not complete. Meanwhile, the overall picture seems to be more

electron is immediately transferred from the iodine anion to the cOnsistent with the solvent-driven model.

water cluster [in the case of (H,0); complex, the electron is Finally, it should be also noted that the present dynamics is
delocalized over the water tetramer ring]. In the beginning, the important for the design of novel dynamic receptors which can
KE of H atoms grows rapidly so that the reorientation of H Selectively bind ions and then release them by the CTTS
atoms occurs without breaking the H-bonds due to the slow Mmechanism upon excitation. This concept would open a new
motion of the O atoms. However, the duration of this effect field of the dynamic hostguest chemistry involved in the
due to the +--H repulsion is very short (2030 fs), so the capture-transport-release mechanism of smart receptors.
overall water network hardly changes except for the orientation
of the H atoms adjacent to the iodine radical. During this short
period, the cluster has gotten high initial kinetic energy. At the
early stage of MD simulations, the+-H repulsion is important,
and so our conclusions are consistent with the argument of ChenJA072427C

Although there have been numerous theoretical studies on
solvation/hydration, no serious studies on dissolution/dehydra-
tion phenomena are available. In this study, we have shown
the excited-state molecular dynamics for the CTTS-driven
dissolution/dehydration phenomena. By carrying out ES-AIMD
simulations for T(H,0),—2—5 complexes, we investigated the
time evolution of conformations, NBO charges, interatomic
distances, an&Es of I7(H20),—2—5 clusters. Our study dem-
onstrates how the detachment process @30),—2>—5 evolves
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