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Upon excitation of Cl(H,0); and I"(H2O); clusters, the electron transfers from the anionic precursor to the
solvent, and then the excess electron is stabilized by polar solvent molecules. This process has been investigated
using ab initio molecular dynamics (AIMD) simulations of excited states oftO); and I"(H,0)s clusters.

The AIMD simulation results of CI(H,O); and I'(H,O); are compared, and they are found to be similar.
Because the role of the halogen atom in the photoexcitation mechanism is controversial, we also carried out
AIMD simulations for the ground-state bare excess electtater trimer [e (H,O);] at 300 K, the results of

which are similar to those for the excited state of(M,0); with zero kinetic energy at the initial excitation.

This indicates that the rearrangement of the complex is closely related to tha#tg;, whereas the role

of the halide anion is not as important.

1. Introduction of these models are based on the static quantum-chemical
picture. Recently, Timerghazin and Peslh&flseported inter-
esting results of ab initio molecular dynamics (AIMD) simula-
tions for the excited1(H,0); complex. Because the role of the
halogen atom in the photoexcitation mechanism of the complex
of halide anion and water clusters is not well understood, we
compare the dynamic features of the excited state$HzD)s

and I(H20); with the initial kinetic energy (KE) at 0 K, as
well as with that of the ground state of @,0); with the initial
kinetic energy (KE) at 300 K.

The nanoscopic details of ietwater cluster interactioAs?
are of importance for understanding solvation phenomena in
chemical processés? for designing ionophores and receptors
for biological molecular recognitioh® and for self-assembling
nanomaterials using the interaction forces with idHBecause
water is a very efficient absorber in the relaxation process of
photochemical reactions, photoexcitation of the halide anion
water clusters is a valuable diagnostic tool for studying the
dynamics of an excess electron in water?® Small clusters
consisting of one halogen atom and a few water molecules
provide detailed information on molecular interactions. The
interwater H-bond-making and -breaking of iodideater The electronic structure calculations for an excited state were
clusters was investigated using IR spectrosc8pgerxner et performed with the complete-active-space self-consistent-field
al22 have reported that (H20),—»—4 clusters undergo electron  (CASSCF) approach. The active space consisted of four
transfer from T to the dipole-driven water molecules. Lehr et electrons and three orbitals (CAS[4,3]), in an approach similar
al! used femtosecond photoelectron spectroscopy to investigatelo that used by Timerghazin and Peslherbe to stugi40)s.
the dynamics of small iodine anienwater clusters. They  As the electron of the halide ion transfers to the water cluster
reported that clusters comprising up to four water molecules upon excitation, the clusterXH:O); (X = Cl, I) forms a neutral
undergo a simple population decay and that the iodide anion halogen atom and a negatively charged dipole-driven water

2. Computational Details

water clusters fon > 5 exhibit more complex dynamics. cluster, i.e., electron-bound water clusters. Thus, a reasonably
Density functional and ab initio calculations for halide anion  large-sized basis set is required to properly describe the excite
water clusterdl~14.18 as well as excess-electrowater clus- state, and diffuse functions are needed for the study of

ters2® have been carried out to determine the minimum-energy dissociation of anionic species including(el2O).; otherwise,
structures, ionization potentials (IPs), OH stretch frequencies, the excess electron that should have the diffuse n&tocaild
and charge-transfer-to-solvent (CTTS) energies. All of these be treated as a pseudo-valence electron, in contrast to reality.
clusters have surface- or near-surface-bound states. A fewTherefore, in the present work, oxygen and hydrogen atoms

proposals have been made to explain the mechanism ofwere treated with the correlation-consistent basis sets aug-cc-
photoexcitation of these halide aniewater clusters:24-26 All pVDZ+(2s2p/2s), where the extra diffuse 2s2p and 2s functions
were added to all oxygen and hydrogen atoms to effectively
*To whom correspondence should be addressed. E-mail: kim@ bind the excess electréfBecause the aug-cc-pVDZ basis set
po.:,tech.ac.kr. o _ is not available for iodine, the CRENBL ECP basis?%etas
. Egg?ﬁng%?tlr\:\?vsgtyNoa{tiﬂ:PEgb%?gtgg/chnomgy' used. This basis set employs relativistic core potentials and an
s Permanent address: Department of Theoretical Chemistry, Institute of €Xtended valence basis set. For the sake of consistency, the

Chemistry, University of Silesia, Szkolna 9, 40-006 Katowice, Poland. = CRENBL ECP basis set was also used for the chlorine atom.
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In this way, the comparison between @,0), and I"(H20), @ ® -
can be made more properly without a bias arising fromthe basis o o —— G —= B8, —= _9 — d
set employed. All calculations were carried out using the Lo e . e g i
HONDO suite of program¥

For both IF(H20); and Cf(H,0); clusters, we carried out ® . © = L) e . L]
500-fs AIMD simulations with a time step of 0.2 fs. In both gi‘.; "ﬁ'@w Pt -,’:. 2P e

cases, the initial structures having the ground-state minimum-

energy geometry of X(H,O)s were vertically excited. Given 3 N
that the experiments were done at very low temperatures, we ‘:_“ i ‘t..‘i"l e ™ .,,'J‘ aaalks s
set the initial KEs of the systems to zero. In another AIMD set,

the initial velocities were set according to the Maxwell 0fs 50fs 100 fs 200 fs 500 fs
Boltzmann distribution at 300 R as in our previous molecular
dynamics simulationd: Even though this trajectory with the P

given initial velocities is only one of the many possible dynamics 3 . .

trajectories, it is overall similar to the zero-KE result, except go % —_

that the KE involving vibrations is much larger. Thus, this

dynamics is not described here. In the case that the interaction

potentials are already given in terms of analytic functional form @

without requiring extensive ab initio calculations at each point,

a more rigorous sampling technique for the excited-state %pvi =as

dynamics from the work of Schincke et®&lwould be used. B

Because the present excited-state AIMD simulation requires

enormous computing time, it is not possible to do more than

one or two trajectories in the present study. Thus, to compare % Ea

the dynamics of 1(H,O); and CI(H»O); with the same &: -

conditions (that do not depend on the _|n_|t_|al velocities), we 0 fs 250 fs 500 fs

analyzed the.AIMD. S|mulalt|on.s with the |n|t|aI_KE of zero for Figure 1. Snapshots of clusters QH,0)s (first), I-(H,0)s (second),

our further discussion. This single trajectory is most Ilkqu to and e (H20)s (third line) and the time evolution of the electron density

represent what would be observed near the peak in theqf ciysters Ci(H,0); (fourth), I"(H:0)s (fifth), and & (H20)s (sixth

distribution of trajectory results. line) taken from AIMD simulations. The hydrogen bonds are drawn
As the complex of a halide anion and three water molecules using dashed lines. The pictures were drawn using the POSMOL

is photoexcited, the neutral halide atom is detached from the Package?®

complex, leaving the ®H,0); cluster, which transforms toward

a more stable energy conformer. Thig(ld,O); cluster gains AKX o

significant KE, as the excited complex undergoes the transfor- 8}:9-?-'1?? ---- : ﬂ’ﬁ‘-u@
mation toward the more stable dissociated structure. To egp”’

investigate the dynamics of the purgld,O)s cluster, we carried

out 500-fs AIMD simulations. The initial velocities were set CI(H,0); (0 fs) CI(H,0); (500 fs)
according to the MaxwettBoltzmann distribution at both 100

and 300 K. The simulation with the initial KE at 100 K did not &)

show the ring-opening process, and so we report only the result éé ,,,,,,, > gggm@@) s _3?.%?..@
obtained from the simulation with the initial KE at 300 K. .

Though a single trajectory, it is likely to represent what would <3 ’

be observed near the peak in the distribution of trajectory results I'(H,0); (0 fs) I (H,0); (500 fs)

and is not a very unlikely event near one of the tails of the

distribution.
%Zm@:@) 1.985 1.955

3. Results and Discussion @ a @@ """""""""
The structural changes of @QH20); (initial KE at 0 K), ) )
I-(H20)s (initial KE at 0 K), and e(H20)s (initial KE at 300 ¢ (H0); (0 fs) €' (H20)5 (500 fs)

K) from 500-fs AIMD simulation trajectories along with the  Figure 2. Geometrical parameters of GH,0)s, I-(H-O)s, and
changes of electron density of the highest occupied moleculare (H20); clusters at the initial state and after the 500-fs simulation.
orbital (HOMO) are shown in Figure 1. The initial and final The bond lengths are in angstroms.

geometries after 0 and 500 fs of simulation are in Figure 2, and of the I"(H,0)s complex. At the beginning, the separation

the KE profiles are in Figure 3. The results of(tH.0); are between the neutral chlorine and the excess-electron-containing
similar to those of Timerghazin and Peslhetband there is water trimer is smaller+3.3 A) than that between the neutral
no significant difference between ours and thét®ur results iodine and the excess-electron-containing water trimes.8

indicate that the structural changes of(K>O); complexes (X A). Because the dissociation energy of the excited-state
= Cl and Br) are overall similar regardless of the identity of X. CI=(H,0)s is larger than that of the excited-stategHi,0)s, the
However, it is easily expected that there would be some KE of the Cl atom is larger than the KE of the | atom, and thus
differences in time scale for the dynamical rearrangement the Cl atom ejects faster from the cluster. The nearest distance
processes of the two systems. (X++-O3) from the Cl/I atom to the O atoms of the water
The analysis of (X-+-O) distances appears interestingx- molecules changes from 3.3/3.8 A at 0 fs to 6.4/6.3 A at 500 fs
--O) increases faster in the case of 1,0); than in the case  (Figure 4). Given that the H bond breaks when the interoxygen
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Figure 4. Time evolution ofr(X:--O) distances and(O1—-03) distances for C{H,0)s, |~ (H20)s, and € (H,0)s clusters. The solid line represents
the time evolution of the distance between the center of mass of the water trimer and the halogen atom.
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Figure 5. Time evolution of NBO (natural bond orbital) charges localized on the halogen atom and water molecules.

distance is over 3.4 A (where the experimental radial distribution ground-state-optimum geometry. [Vertical excitation energies

function of the liquid water gives the first minimum distinguish-
ing between the first and second solvation sR8lighe ring-
opening process occurs-atl00 fs for Ci(H,0); and at~150
fs for 17(H.O); (Figure 3). In both cases, the ring structure
converts to a linear chain. However, given that;-d50 fs, the
01-03 distance for Ci(H-0)z is 3.5 A and that for 1(H,0);

are 4.7 eV for Ci(H,0); and 3.6 eV for 1(H,O); on the
ground-state-optimized geometry at the CAS[4,3] level; their
adiabatic excitation energies are 1.1 eV for E,0); and 1.1
eV for I~ (H,O)s; dissociation energies of the excited state on
the ground-state optimized geometry are 3.6 eV for(B}0)s3
and 2.5 eV for 1(H20).] (Thus, the energy repulsion between

is 3.4 A, the actual difference between the two cases is very the chloride and the water cluster is expected to be larger than
small. Thus, the apparent difference is not significant. The that between the iodide and the water clusgein both cases,
velocity of the Cl/I atom with respect to the center of mass after a rapid increase, the KE of the water molecules slightly

(CM) of the water trimer is predicted to be870 and~630

m/s, respectively.

Because the excited state of @H,0)s/1"(H,0); at the

fluctuates because of the vibrational modes.

We performed an analysis of natural bond orbital (NBO)
charges localized on the halogen atom and water molecules

ground-state geometry upon vertical excitation is not stable, the (Figure 5). Upon photoexcitation of the @H,0)s and I"(H2,0)3

KE of the chlorine/iodine atom increases very rapidly in the complexes, the charges of the Cl and | atoms are almost neutral
beginning of molecular dynamics simulations and then tends [i.e., only slightly negative-{0.04 au)], and the excess electron
to stay constant (although slightly reduced) after the first 200 is evenly distributed over the whole cyclic water trimetQ(32

fs (Figure 3). The KE profiles of water molecules for both the
Cl=(H20)3 and I (H20)3 systems are similar. In the beginning
of the simulation, the KE of the water cluster increases very
rapidly because of the fast reorganization of the water network.
At 20 fs, the KE of water cluster is maximized because of the
O—H stretch and H-bond stretch modes. This KE is larger for
CI~(H20); than for I(H,0O)3; because the dissociation energy
of the excited-state C(H,O); on its ground-state-optimum
geometry is larger than that of the excited-staigibO)s on its

au for each water molecule). As time elapses, the charge
distribution gradually changes, and #1120 fs, the charge is
completely redistributed so that the excess electron is almost
exclusively on one water molecule {8l-1, which is located
farthest from the X atom in Figure 3) in a large vacant space,
while the other two water molecules become almost neutral.
The NBO charge of the halogen atom remains constant near
zero (although there is a slight change) during the whole run.
Thus, the electrostatic repulsion between the near-neutral halide
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atom and the electrorwater cluster is not important in the  dynamics show a slight difference in time scale. We analyzed
dynamics, while the exchange repulsion between the two would the time evolution of (X---O) distances, kinetic energy terms,
give KE (as much as the dissociation energy of the excited state)and NBO charges. The important changes such as charge
to the system. distribution and water network organization take place in the
The role of the halogen atom in the rearrangement processbeginning of simulations. The role of the halide anion is not
of the excess-electrerwater cluster has been controversial. Two important in the rearrangement process of the excess-electron
opposite models have been assumed; one assumes an insignifwater cluster. However, the halogen atom plays a certain role
cant role of the halide anioh?425 and the other stresses an in the time scale of the dynamics, possibly because of its mass
important role of the halide aniéhin the rearrangement process. and the difference in initial kinetic energy arising from the
To determine whether the halide anion plays an important role difference in dissociation energy of the excited state at the
in the photoexcitation mechanism, we compared the photody- ground-state-optimal geometry. The excited electron density
namics of halide-water clusters with the molecular dynamics induces the detachment of the iodide atom and the rearrangement
of electron-water cluster. We carried out 500-fs ground-state of the solvent because of the stabilization of electrarater
AIMD simulations for the bare excess-electromater trimer. cluster. The overall difference in the dynamical rearrangement
In this case, the cyclic ring is calculated to be the most stable process between QiH,0); and I"(H20); is small, except that
structure, but it has a negligible small vertical detachment energy the Cl atom detaches from the clusters slightly faster than the
(VDE) (0.00-0.01 eV), contrary to the large experimental value | atom. These excited-state dynamics of thg{0)s clusters
(0.13 eV)2 In the case of the cyclic ring, the excess electron are similar to the ground-state AIMD features of the bare excess-
is nearly in the outer large empty space, and so, the excess-€lectron-water trimer at 300 K. Thus, in the rearrangement
electron-water cluster is essentially the same as the neutral process of the electrerwater cluster in the excited-state of
water, in consideration of rapid H-tunneling effetdn this X7(Hz0)s, the role of the halide atom is not significant,
regard, the cyclic ring structure of the electramater trimer consistent with the “solvent-driven” model proposed by Neu-
can essentially be considered as a system of a free electron an#hark! and our previous work!
a neutral water trimer. Therefore, it would be more practical to
say that the lowest-energy structure for the water trimer binding ~ Acknowledgment. This work was supported by the Creative
an excess electron is the linear chain with a VDE of 0.13 eV. Research Initiative Project of the Korea Science and Engineering
In this work, we carried out a ground-state AIMD simulation Foundation and Brain Korea 21, and by the Division of
(by adding initial KE to the atoms according to the Maxwell ~ Chemical Sciences, Office of Basic Energy Sciences, U.S.
Boltzmann distribution at the given temperature) for the system Department of Energy.
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