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Does solvation cause symmetry breaking in the I 3
2 ion

in aqueous solution?
R. M. Lynden-Bell
Atomistic Simulation Group and Irish Center for Colloid Science, School of Mathematics and Physics,
The Queen’s University, Belfast BT7 1NN, United Kingdom

R. Kosloff,a) S. Ruhman,b) D. Danovich, and J. Valaa)

Department of Chemistry, The Hebrew University, Jerusalem, 91904 Israel

~Received 23 March 1998; accepted 1 September 1998!

We seek to answer the question posed in the title by simulation of the tri-iodide ion in water,
modeling the intermolecular interactions by classical potentials. The decrease in solvation free
energy as a function of the dipole moment of the ion is calculated using an extended dynamics
simulation method. This decrease is approximately quadratic in the ion dipole. Symmetry breaking
occurs if this decrease is greater than the energy required to polarize the ion. We useab initio
calculations on an isolated ion to find the electronic and vibrational contributions to the
polarizability, from which the polarization energy can be calculated. The solvated ion is found to be
more stable when displaced along the asymmetric stretching coordinate, due to contributions of this
deformation to the molecular dipole. As a test of the model’s reliability, it is used to derive solvation
force autocorrelation functions from which time scales for vibrational energy and phase relaxation
are estimated. The results are demonstrated to agree well with experimentally obtained values for
these phenomena, vindicating reliability of the theoretical approach. ©1998 American Institute of
Physics.@S0021-9606~98!50746-5#
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I. INTRODUCTION

The structure and reactivity of the tri-iodide ion has be
the subject of extensive experimental and theoret
study.1–6 Methods ranging from VSEPR~Ref. 7! to ab
initio8,9 predict a linear centro-symmetric geometry for th
negatively charged ion, as borne out in studies of this spe
in vacuum isolation.10–13 The asymmetric environment of
crystalline lattice can break the ionic symmetry giving rise
substantial changes in its visible absorption spectrum.14–16In
dilute solution the question of molecular structure becom
entangled with that of dynamics. While an instantaneous
spection of the solvent environment must exhibit deviatio
from perfect symmetry about the central atom, either a te
poral or ensemble average should retain the natural cen
symmetry favored by the I3

2 in isolation. Thus in solution
both the amplitude and duration of deviations from perf
symmetry are of essence.

The structure of solvated I3
2 is also of central importance

in determining the UV photodissociation dynamics of th
ion. This reaction has recently come under intense scru
using ultrafast pump-probe spectroscopy.17–19It was demon-
strated that the nascent di-iodide dissociation product c
tains substantial excess vibrational energy, and that the
semble of this diatomic fragment retains vibration
coherence. Resonance Raman studies20,21have shown that in
protic solvents such as ethanol, the tri-iodide is substanti
deformed along the asymmetric stretch coordinate, as

a!Also the Fritz Haber Research Center for Molecular Dynamics.
b!Also the Farkas Center for Light-Induced Processes.
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tested to by the substantial Raman intensity of the asymm
ric stretch fundamental transition.22,23 This is unlike acetoni-
trile solutions where the asymmetric stretch fundamen
transition is not active. The fact that two solvents so simi
in dielectric constants and relaxation times solvate the ion
such a remarkably different fashion indicates that spec
molecular mechanisms of solvation must be involved. Us
impulsive femtosecond photolysis, this deformation has b
demonstrated to have a strong influence on the degre
compact vibrational coherence in the di-iodide products, a
the deposition of excess energy into vibration and fragm
recoil.24

The aim of the current study is to understand how i
mersion in hydrogen-bonding solvents can lead to break
of the centro-symmetry of the tri-iodide ion. In order to d
this we use computer simulation to examine the free ene
surface of the system of ion plus solvent in the vicinity of t
symmetric configuration of the ion.

Simulation of the I3
2 solute poses a number of funda

mental problems, most of which stem from the large atom
number of its constituent iodine atoms. The first is that it
highly polarizable, and therefore can interact very stron
with its local field environment. The vibrational frequenci
are exceptionally low, rendering it to be active in all vibr
tional coordinates even at room temperature. The vibratio
frequencies of the tri-iodide ion are in fact so low that th
lie within the librational spectral density of most molecul
solvents. The fundamental frequencies are 112 and
cm21 for the symmetric and antisymmetric stretches resp
tively. These correspond to angular frequencies of 23
310212 rad s21. A comprehensive simulation of the quan
8 © 1998 American Institute of Physics
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tum photodynamics of tri-iodide in solution would involv
vastly disparate time scales, ranging from the s
femtosecond time scale for fluctuation of the electrons
hundreds of femtoseconds and picoseconds for motion
the nuclei and reorganization of the solvent.

It is, therefore, not feasible to investigate the effects
the solvent on the electronic states and vibrational prope
of the I3

2 ion using a full quantum mechanical treatment
all the electrons and nuclei. Rather one has to divide
problem in parts, taking advantage of the separation of t
scales mentioned above. In this work we concentrate on
solvent rather than on the ion. Given a particular charge
tribution and specified bond lengths in the ion, we ask w
are the solvation structure, solvation free energy and m
forces on the ion. When the free energy of solvation fo
particular charge distribution in the ion is compared with t
intrinsic energy required to generate that charge distribut
we find that in aqueous solution the minimum free energy
longer corresponds to a symmetrical charge distribution
equal bond lengths. The reliability of the simulation is su
ported by our finding that experimental vibrational lin
widths for the tri-iodide ion agree quantitatively with th
predictions based on the dynamics of solvation force fluct
tions derived from this model.

Another approach to the problem of determining the f
energy variation of a polarizable solute in a solvent is
solve for the quantum mechanical structure of the solute
the presence of a more approximate model of the solvent
example of this approach is that of Kim and Hynes25–27

which has been applied to the dissociation of I2
2 by Gertner

et al.28 In these papers they model the solvent as a dielec
continuum and the quantum mechanics of the ion by a se
empirical valence bond method. The method has since b
extended to an explicit molecular solvent.29 We believe that
the molecular nature of the solvent and, in particular the r
of hydrogen-bonding protons in stabilizing negative par
charges is crucial to the problem of the tri-iodide ion in w
ter.

Recently Satoet al.30 have completed a theoretical stud
of the tri-iodide ion in solution in which the molecular natu
of the solvent is accounted for using the RISM model and
ion treated quantum mechanically. Their conclusion is l
strong than ours, namely that the energy surface around
gas phase equilibrium geometry becomes virtually flat
hydrogen-bonding solvents. We conclude that symme
breaking does occur.

II. METHOD

We study the equilibrium solvation effects on a mod
I3
2 ion in aqueous solution. We performed preliminary qua

tum mechanical calculations to ascertain the charges on
three atoms in the ion. In the solvation study the cha
distribution varies. Initially the charge distribution~based on
theab initio results! is 20.5 electrons on each end atom a
zero on the central atom. The charge distribution is th
varied so that one end atom has charge (20.51q)e and the
other has charge (20.52q)e giving a dipole moment for the
model ion relative to the central atom equal tom5eqr,
-
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wherer is twice the bond length. The I3
2 bond length is 3 Å,

giving m528.8 q Debye. We shall term the variableq the
charge displacement, but it should be borne in mind that
proportional to the dipole moment.

The principal quantities calculated from the simulatio
are the solvation contribution to the free energy, the io
water interaction energy, and changes in the local struct
We also investigate contributions to the relaxation times
the symmetric and antisymmetric vibrational normal mod

A. Molecular dynamics with an extended dynamical
system

The calculations were done using molecular dynamics
an extended dynamical system in which the charge displa
ment on the iodide ion is treated as a dynamical variable.
an adaptation of the method used for earlier work on
solvation of simple ions31 which allows the free energy o
solvation and other thermodynamic quantities to be m
sured as a function of the charge displacement. It should
emphasized that associating inertia with the flow of cha
allows the simulation of solvation thermodynamics but n
dynamical aspects of this process. Indeed for this metho
work it is necessary for the time scale of the changes
charge to be similar to the time scale of solvent reorgan
tion, while in reality, as we have noted, the electronic flu
tuations are much faster. These calculations on the exten
dynamical system were supplemented by standard molec
dynamics calculations with fixed charges, in order to det
mine the local structure for particular values of the tri-iodi
dipole moment.

The equations of motion in a normal molecular dyna
ics calculation are derived from the Hamiltonian

H5U~$r i%!1T, ~2.1!

whereU is the intermolecular interaction energy which d
pends on the nuclear coordinatesr i , charges, and Lennard
Jones parameters on each site.T is the kinetic energy. In our
extended dynamical system the charge displacementq is
treated as a dynamical variable with an extended Ham
tonian

H5U~q,$r i%!1T1
1

2M
pq

2 . ~2.2!

In this equation the potential energy term is the same a
the previous term, but the dependence onq is shown explic-
itly. pq is a fictitious momentum conjugate toq, andM , an
arbitrary parameter, is the associated fictitious ‘‘mass.’’ T
extended equations of motion are the normal equations a
mented by

q̇5pq /M ,
~2.3!

ṗq5Fq52
]U

]q
.

B. Potentials

The water potential used was the revised simple po
charge model, SPC/E, of Berendsenet al.32 which has partial
charges on the protons and the oxygen nucleus an
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Lennard-Jones site on the latter. The molecule is rigid. T
tri-iodide ion is also taken to be rigid and linear with a bo
length of 3 Å. The interaction potential between the ion a
the oxygen atom of the water molecules was modeled
Lennard-Jones interactions between the iodine nuclei and
oxygen nuclei of the water together with partial charges
(20.51q)e and (20.52q)e on the two end atoms. There
no charge on the central atom. These values for charges
geometry parameters are based on theab initio results de-
scribed in Sec. II F. The Lennard-Jones parameters for
iodine-oxygen interaction were taken to beeSO

50.5216 kJ mol21 and s54.168 Å, which are those sug
gested by Dang for the iodide ion33 and used by us in earlie
work.31,34,35The iodine interacted with the hydrogen atom
by the Coulomb interaction between the partial charges w
no repulsive term. The long range electrostatics was tre
by the Ewald method, with a cutoff in real space of 9 Å.

C. Determination of solvation thermodynamics

In this method there are two independent ways of de
mining the variation in solvation free energy as a function
dipole moment. Agreement between these two methods
vides a good test that there is sufficient sampling of the c
figurational space of the extended system and good the
equilibration. The first method uses the result that in a
nonical ensemble of the extended system the free energ
solvationA(q0) becomes

A~q0!52kT ln p~q0!1constant, ~2.4!

where the charge displacement is equal toq0 and p(q0) is
the probability density of finding the extended system w
this particular charge displacement. The relative probabili
of different charges and sizes are then found by construc
histograms.

Experience in similar work36,37 has shown that the nois
can be reduced by using a biasing potential,Ubias, which
depends only on the order parameters~in this caseq) and
which restricts the range of values of the order parame
sampled in any one run. Samples from different windows
joined to construct the overall Landau free energy functi
It can easily be shown that if there is a biasing potent
Ubias(q), present

A~q0!52kT ln pbias~q0!2Ubias~q0!1constant. ~2.5!

This is essentially the umbrella sampling technique
Valleau36,37 adapted for molecular dynamics rather th
Monte Carlo. The alternative way of findingA(q,T) is to use
the relation38

]A~q!

]q U
q5q0

5 K ]U~q!

]q L U
q5q0

. ~2.6!

As q varied during the simulation, a histogram of probab
ties of different values ofq was constructed. At the sam
time a number of quantities including the potential ener
its derivative with respect to the charge displacement,
the ion-water interaction energy were averaged accordin
the bin that the instantaneous value ofq fell into. The free
energy was then determined in the two ways descri
e
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above, namely according to Eq.~2.5! and by integrating Eq.
~2.6!. These results agreed satisfactorily, although the in
gration method was found to give less noisy data.

D. Simulation details

The system comprised 288 water molecules and 1
iodide ion with face-centered-cubic periodic boundaries. T
distance between a site and its 12 nearest images was 2
so that there was 17Å of water between one end of the
iodide molecule and the nearest image of the other end. T
is far enough for the solvation shells of a molecule and
image to be independent; the effects of the solvent at lon
range can be described by a dielectric continuum and
cluded as a long range correction. The computer prog
was adapted fromDLPOLY.39

For runs in whichq was treated as a dynamical variab
its effective mass was chosen to be 5000 amu Å2 e22. As
these runs are used for configurational averaging and no
dynamical information, the mass of the proton was increa
to 8 amu, and that of the iodine nucleus reduced to 8 a
This is permissible because configurational and momen
integrals separate in a classical canonical ensemble. The
son for doing this is to make the time scales for the reori
tational motion and translational motion similar to obta
more efficient averaging. Run lengths of 100–160 ps w
used with windows ofq 0.5 wide and a time step of 2 fs.

In the runs at constantq in which force dynamics were
measured, the true masses of 127, 16, and 1 amu were
for I, O, and H, respectively. For these runs the time step w
reduced to 1 fs. Runs of 50–100 ps were performed in th
cases.

E. Long range correction

In this calculation we have explicitly computed the so
vation free energy for a fcc lattice of dipoles with neare
neighbor distancea0523 Å immersed in water. We would
like the value in the limit of infinite dilution as more water
added and the size of the molecular dynamics cell increa
with a0→`. An estimate of the correction can be made u
ing the following argument. Consider a dipole in a spheri
cavity in a continuous medium with dielectric constante.
The solvation free energy is the difference between the
ergy required to charge the dipole~considered as two equa
and opposite charges separated by a small distancel ) in a
medium and in a vacuum. Here we are using the same a
ment as for ions.31

The fields outside the spherical cavity containing a m
tipole moment of orderl are obtained by matching the solu
tions of Poisson’s equation inside and outside the sph
using the appropriate boundary conditions.40 The fields are
independent of the cavity size and are given by

E5g lEvac, ~2.7!

D5ee0g lEvac, ~2.8!

whereg051/e ~charge! andg153/(2e11) ~dipole! Evac is
the field the multipole would generate in a vacuum. T
solvation free energy is then
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Asolv5~E.D2e0Evac.Evac!/2 ~2.9!

5e0~g l
2e21!E

med
Evac

2 dV, ~2.10!

where the integral is taken over the volume containing
dielectric medium. Using standard expressions for the ra
and tangential components of a dipolar field40 and perform-
ing the integration in the equation above we find that
solvation free energy contribution from material more dist
thana from the dipole is provideda>r cav,

Asolv.a52
m2

12pe0a3
~12g1

2e!. ~2.11!

We now divide the solvation energy of a dipole at in
nite dilution in water into a short range part arising fro
molecules within radiusa of the center of the ion and a lon
range part arising from water molecules further thana. We
assume that the long range part can be described adequ
by considering water as a dielectric continuum using E
~2.11!, and that the short range part, for which the molecu
nature of water must be explicitly taken into account,
given by our computation. This involves an approximation
the molecular dynamics cell is not precisely spherical bu
rhombic.

If we use a sphere of the same volume as the cel
determinea, we obtain an additional solvation free energy
28.1q2 kJ mol21 for the ion at infinite dilution compared to
the simulation, while if we use the sphere inscribed in
cell we obtain a correction of210.9q2 kJ mol21, whereq is
the charge displacement on the tri-iodide ion defined ear
The range of these estimates gives an idea of the uncert
of the extrapolation.

F. Quantum chemical calculations

The quantum chemical calculations were performed w
the GAUSSIAN 94 program suite41 on a DIGITAL Turbolaser
8200-5/300 computer of the Hebrew University. The H
and Wadt42 relativistic effective core potential was used. T
basis set was the standard double-zeta basis~in a
(3s3p)/2s2p contraction!, further augmented with twod po-
larization functions (a50.73 anda50.27).This set of polar-
ization functions on iodine were found to be essential
reproducing experimental frequencies and energetics of c
pounds like I2 , I2

2 , I3
2 , I2, I and some of their excited

states.9 The geometry of the I3
2 was optimized using the

numerical eigenvector following procedure.43 The level of
calculation is that of quadratic configuration interaction,
cluding single and double excitations and perturbational
timate of the triple excitations~QCISD~T!!.44 The QCISD~T!
calculations were carried out using the converged SCF w
function. All valence electrons have been correlated in the
calculations. The same computational level was used for
ometry optimization as well as for the calculations of vibr
tional frequencies which were not scaled. The present le
of calculation reconstructs extremely well with the gas ph
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experiments for I2
2 .12 Atomic charges from Mulliken popu-

lation analyses and polarizability tensor were calculated
the QCISD level of theory.

Table I summarizes the results.

G. Determination of solvent-induced vibrational
relaxation

The theory of the effects of solvent on intramolecu
vibrational relaxation has been studied for many years.45 It
was early realized that molecular dynamics simulatio
could be used to study such processes, even if the molec
were kept rigid, by investigating the fluctuations and dyna
ics of the solvation forces resolved along the intramolecu
normal modes. Early work was mainly directed towards
calculation of dephasing times and vibrational linewidths (T2

processes! in neat liquids of diatomic molecules46–48 and
small polyatomic molecules.49–51Oxtoby52,53gave the theory
for population relaxation (T1 processes!. The forces resolved
along the normal modes are related to the derivatives of
solvent-solute interaction energyUsolv with respect to vibra-
tional normal coordinates. The normal coordinate for t
symmetric stretching mode is

js5~z12z3!/A2 ~2.12!

and for the antisymmetric stretch is

ja5~z122z21z3!/A6, ~2.13!

wherezi is the displacement of thei th iodine atom along the
direction of the molecular axis. The resolved forces are giv
by

2Fj5U85
]Usolv

]j
. ~2.14!

The expressions for bothT1 andT2 processes can be writte
in terms of the dynamics of the fluctuations in these forces
one defines normalized correlation functionsC(t) by

TABLE I. Characteristics of I3
2 .

Bond lengths~QCISD~T!!~Å! 3.002

Charges~QCISD!
1 I 20.485
2 I 20.030
3 I 20.485

Frequencies~QCISD~T!! ~cm21!
mode calculated experimenta

Bend,pu 58.2
Bend,pu 58.2
Symmetric stretch,sg 107.3 112
Antisymmetric stretch,su 139.6 145

Polarizabilities~QCISD~T!!(a0
3)

xx yy zz
39.27 39.26 296.60

aReference 23.
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C~ t !5
^~U8~ t !2Ū8!~U8~0!2Ū8!&

^~U82Ū8!2&
~2.15!

one obtains21 expressions for the rate of transitions induc
between levelsn andn21

kn→n215
2n

@11exp~2b\v!#

^~U82Ū8!2& j ~v!

m\v
~2.16!

and

kn21→n5
2n

@11exp~1b\v!#

^~U82Ū8!2& j ~v!

m\v
, ~2.17!

where v is the frequency of the vibration concerned a
j (v) is the spectral density of the normalized force corre
tion function defined in Eq.~2.15!,

j ~v!5E
0

`

C~ t !cos~vt !dt. ~2.18!

The population relaxation timeT1 is given by

1

T1
5

2 tanh~b\v/2!^~U82Ū8!2& j ~v!

m\v
. ~2.19!

The instantaneous fluctuations in the frequency of then11
→n vibrational transition induced by the solvent is, to se
ond order in perturbation theory,

vn,n212v̄n,n215
v

2k2
@ f ~U82Ū8!12k~U92Ū9!#,

~2.20!

wherek and f are, respectively, the harmonic force consta
and the cubic anharmonicity of the mode, whileU8 andU9
are the first and second derivatives of the solvent-molec
interaction energy with respect to the vibrational normal
ordinate. In most situations the first term in this equation
dominant, except where the cubic anharmonicity is zero
symmetry. The expression for the line width~in radians/unit
time! for then→n11 transition has contributions from bot
the population relaxation and fluctuations in the instan
neous vibrational frequency given in Eq.~2.20!. It is

1

T2
5

1

2S (
i

kn21,i1(
i

kn,i D 1^~vn,n212v̄n,n21!2&t,

~2.21!

where vn,n21 is the instantaneous transition frequency
radians/unit time and the correlation time,t, is the spectral
density at zero frequency of these fluctuations. The term
round brackets is the contribution toT2 from the uncertainty
principle due to the finite life time of the levels, while th
final term in this equation is the pure dephasing term due
fluctuations in the transition frequency.

III. RESULTS

A. Thermodynamics of solvation

Simulation of the force on the variableq in the extended
dynamics as a function of the charge displacement, is sh
in Fig. 1. q is related to the ion dipole moment bym
-

-

t

le
-
s
y

-

in

to

n

5qre, wherer is twice the bond length. A charge displac
ment ofq560.5 puts all the charge on one end of the io
and gives a dipole moment of 28.8 Debye. Figure 2, wh
shows the solvation free energy as a function ofq, is con-
structed by integration of this data. It shows that a dipole
the ion is stabilized by solvation. The curve can be fitted
A(q)/kJ mol2152392q2153q4. This is the measured sol
vation free energy.

As discussed in Sec. II E, a long range correction
2(961)q2 kJ mol21 must be added to obtain the solvatio
free energy at infinite dilution. Figure 3 shows the potent
energy of the ion-water interaction. Although this curve
similar in shape to the solvation free energy, the scale diff
by a factor of 2. Asq changes from 0 to60.5 the free energy
decreases by about 100 kJ mol21, while the water-ion inter-
action energy by 180 kJ mol21. The difference between
these two quantities is made up of the change in the wa
water interaction and the entropic contribution to the fr
energy. The variation in water-water interaction energy~not
shown! is considerably noisier, and increases by about
kJ mol21 as q changes from 0 to60.5. The missing 30
kJ mol21 increase must come from the entropic term; t
solvation entropy must decrease as the ion becomes m
polarized. We deduce that as this happens the water struc

FIG. 1. Force on the charge displacement.

FIG. 2. Solvation free energy of the tri-iodide ion in water as a function
the charge displacementq. The solvation free energy is lowered as th
molecule is polarized.
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is disrupted~decrease in water-water potential energy! and
the solvation shell becomes more ordered~decrease in en
tropy!.

B. Is there a solvent-induced dipole moment?

In order to answer the question as to whether the s
metry of the ion will be broken by solvent effects, one nee
to add the energy of polarization of the ionUpol(m) to the
solvation free energyAsolv(q) ~note (m5eqr)) to give the
total work done in distorting the ion

Atot~q!5Asolv~q!1Upol~m!. ~3.1!

Due to the ionic symmetry the free energy must go throu
an extremum atq50. The definition of broken symmetry fo
this purpose is a maximum in the total free energy at t
point.

There are two contributions to the dipole moment of t
ion induced by an applied field, an electronic contributi
and a vibrational contribution. If we apply a field,E, along
the long axis of the molecule~labeledz) the electronic part
of the induced dipole moment is

mel5azzE, ~3.2!

whereazz is the electronic polarizability along the axis. Th
energy required to polarize the electrons in the molecule
this amount is

Uel5
1
2 azzE

25 1
2 azz

21mel
2 . ~3.3!

The same field induces a displacementj along the anti-
symmetric normal coordinate, with dipole

mvib5
]m

]j
j ~3.4!

and energy

Uvib5
1

2
kj22Emvib5

1

2
kj22E

]m

]j
j, ~3.5!

wherek is the force constant for the antisymmetric stretc
Minimizing this with respect toj gives

FIG. 3. Energy of interaction of the ion and the water as a function ofq.
The energy of interaction is lowered as the molecule is polarized. T
lowering is twice as large as the lowering of the free energy shown in
2.
-
s

h

s

y

.

mvib5
1

kS ]m

]j D 2

E, ~3.6!

so that the total induced dipole moment is

m ind5Fazz1
1

kS ]m

]j D 2GE. ~3.7!

The energy required to polarize the electrons and to dis
the molecule is

Upol~m!5
1

2Fazz1
1

kS ]m

]j D 2G21

m ind
2 . ~3.8!

These two equations show that the effective polarizability
the sum of the electronic and vibrational terms

aeff5azz1
1

kS ]m

]j D 2

. ~3.9!

From our ab initio calculations the component of th
polarizability along the bond isazz/(4pe0)5297 a0

3. In or-
der to find the dipole moment derivative we calculated
dipole moment and the atomic charges for an isolated
iodide ion for a number of different bond lengths as in Tab
II.

Using the dipole moments and the antisymmetric norm
coordinate defined byj5(z11z322z2)/A6, we obtain
]m/]j5221.59 Debye/Å524.5 e. Another estimate
which may be nearer the spirit of our model is to use
partial charges, which gives]m/]j524.2 e. Combining
these with an estimate of 25 rad ps21 for the antisymmetric
vibrational frequency we obtainavib /(4pe0)5240 a0

3 and
215a0

3, respectively, so that the total polarizability is 535
510 a0

3 according to which method we use to estimate
vibrational polarizability. Using Eq.~3.8! the energy re-
quired to polarize the molecule isUpol /kJ mol215315q2 or
330 q2 for these two cases.

The measured solvation free energyAsolv(q)/kJ mol21

shown in Fig. 1 plus the long range correction can be fitted
2400 q2153q4 which gives

Atot~q!/kJ mol215285q2153q4. ~3.10!

Taking the other estimate for the vibrational polarizabil
we obtainAtot(q)/kJ mol215270q2153q4. Both these re-
sults clearly show a maximum for the free energy of solv
tion atq50, and the coefficient ofq2 is large enough that we
do not think that this result will be changed by using diffe
ent models for the water or tri-iodide ion intermolecul
forces. We conclude that, at least in water, the solvent in

is
.

TABLE II. Charges as a function of internuclear distance for I3
2 ~QCISD!.

r 1~Å! r 2 ~Å! q1 q2 q3 m/Debye

3.002 3.002 20.485 20.03 20.485 0.0
3.004 3.00 20.486 20.031 20.483 0.0351
3.008 2.996 20.488 20.0308 20.481 0.1054
3.012 2.992 20.490 20.0308 20.479 0.1757
3.016 2.988 20.493 20.0308 20.476 0.2460
3.036 2.958 20.508 20.0296 20.462 0.6870
3.086 2.908 20.539 20.0273 20.434 1.5703
3.186 2.808 20.603 20.0178 20.379 3.3537
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action is sufficient to cause symmetry breaking. The m
probable configuration of the ion in water has a dipole m
ment and a small difference between the bond lengths.
do not, however, feel confident in predicting the extent
this distortion for although we have found a quartic term
the free energy of solvation, there will also be quartic ter
in the polarization energy arising from the vibrational anh
monicity and from hyperpolarizability.

C. Changes in solvent structure and dynamics

The fluctuations in the solvent which induce a dipo
moment in the ion are caused by changes in the local st
ture around the solute. We studied these in simulations
which the charge distribution in the I3

2 ion was fixed. Figure
4 shows oxygen and hydrogen radial distribution functio
for the end atoms for various charges. The distributio
around the central iodine atom~not shown! do not vary sig-
nificantly. Qualitatively the changes are similar to those o
served for individual ions with varying charge.31 As the
charge on one of the end atoms changes from 0 to21 (q
changes from10.5 to 20.5! the water molecules mov
nearer and swing around so that one proton is hydrog
bonded to the ion. The larger the total charge on the
atom, the more structured is the solvent around it.

FIG. 4. Radial distribution functions for oxygen~above! and hydrogen~be-
low! relative to the end iodine atom in the tri-iodide ion. The bold lin
correspond to an unpolarized ion with the partial charge on the end I a
equal to20.5; the dashed lines to a moderately polarized ion where the
ends of the molecule carry partial charges of20.560.2 and the continuous
lines to strongly polarized ions with partial charges of20.560.5 on the end
atoms.
st
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in
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The significance of these solvent-induced dipole m
ments depends on the time scale of the observation. E
tronic excitation is very fast and the full range of distortio
will be seen. However, any experiment whose time scale
longer than the decay time of the dipole fluctuations w
merely probe the average structure. Thus it is importan
examine the time correlation function for the solvent forc
which cause the dipole fluctuations.

Figure 5 shows this time correlation function. Initiall
the correlation decays rapidly to about 60% of the origin
value; the remaining decay can be fitted to an exponen
with a time constant of 0.4 ps or equivalently a rate const
of 2.531012 s21. In most molecules there is no question th
solvent relaxation is slower than intramolecular vibration
and this is still true for our system even though due to
large masses involved, I3

2 stretching vibrations have unusu
ally low frequencies, with values of about 112 cm21 for the
symmetric stretch and 145 cm21 for the antisymmetric
stretch. These correspond to angular frequencies of 2
31012 s21 and 27.331012 s21, respectively, which are al
most a factor of 10 greater than the rate constant for
noninertial solvent decay given above. Thus we can treat
solvent fluctuations as slow compared to both the vibratio
and electronic time scales. This means that there is a di
bution of vibrating molecules, each of which oscillates abo
its equilibrium position as determined by the local structu
which we have deduced is distorted. As the solvent fluctua
the molecular distortion and hence the vibrational freque
change. However the free energy barrier to moving from o
distortion to the opposite distortion is probably several tim
kT therefore fluctuations over the barrier are unlikely.

One result of this symmetry breaking is that there is
break down of the selection rules so that the symme
stretch vibration becomes visible in the infrared while t
asymmetric stretch becomes Raman active. This is obse
experimentally.21,24

D. Vibrational relaxation

In Sec. II G equations for vibrational shifts, relaxatio
rates and line shapes were given. We now evaluate them
the symmetric stretch mode of the I3

2 ion. The average sol-

s
o

FIG. 5. Normalized time correlation function for the solvation forc
(]A/]q). The straight line is a fit to the data showing that, after an init
fast decay, the decay is exponential with a time constant of 0.42 ps.
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vation force on the symmetric normal mode is20.38 nN.
We performedab initio calculations for a range of values o
the symmetrical normal coordinate and found that the po
tial curve was significantly anharmonic. When a linear p
tential giving a constant stretching force of20.38 nN was
added, the symmetrical vibrational frequency was lowe
by 7%. This finding is inconsistent with the experimen
evidence of less than 2% change from the gas phase.12 This
may be due to the term in the second derivative of the i
solvent potential@cf. Eq. ~2.16!#, or it may be due to anhar
monic mixing between the symmetric and the antisymme
stretch.

By Fourier transforming the time correlation function
the forces on the symmetric mode we foundj (v)50.027
60.003 ps. The mean square fluctuation inU82Ū8 is 130
(kJ2 mol22 Å 22) which gives

^~U82Ū8!2&
m\v

j ~v!52.1960.3 ps21,

~3.11!
kn→n215~2.760.4!n ps21,

kn→n115~1.660.3!~n11! ps21,

T1
2151.160.2 ps21.

For the antisymmetric mode there are two contributio
to U8. The direct contribution is obtained from the solvatio
forces resolved along the antisymmetric normal mode, w
the indirect one arises from the change in the electronic
pole moment withj, the term that we have already used
calculate the vibrational polarizability. As the cross term b
tween the direct and indirect contributions was found to
fairly small and to decrease rapidly with time, we may tre
the contributions from these two terms separately. For
direct forcesj (v)50.01760.005 ps. The mean square flu
tuation inU82Ū8 is 56.7 kJ2 mol22 Å 22 which gives

^~U82Ū8!dir
2 &

m\v
j ~v!50.4460.12 ps21. ~3.12!

The indirect term has a spectral densityj (v)50.007
60.003 ps. Now

U indir8 5
]U

]q

]q

]j
. ~3.13!

From the simulations

K S ]U

]q D 2L 5181165 kJ2, ~3.14!

while our ab initio calculations gave]q/]j520.71e/Å.
From these values we obtain

^~U82Ū8! indir
2 &

m\v
j ~v!52.961 ps21. ~3.15!

Adding the direct and indirect contributions

kn→n215~4.461.2!n ps21,

kn→n115~1.960.7!~n11! ps21, ~3.16!

T1
2152.060.6 ps21.
n-
-

d
l

-

c

s

le
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-
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There are considerable uncertainties in these quantities
both to the errors in the various measurements involved
to possible inadequacies in the potential model.

E. Vibrational linewidths

The linewidth of a vibrational transition may have reo
entational as well as vibrational contributions. The isotro
Raman spectrum, however, has no reorientational contr
tion and even in the infrared and depolarized Raman spe
the latter is small for such large, massive ions. There rem
two contributions to the vibrational width, uncertainty broa
ening and pure dephasing. The former arises from the un
tainty in the energies due to their finite lifetimes while th
latter arises from fluctuations in the separation of the ene
levels concerned. The width of a transition from leveln21
to n in radians per unit time is given by Eq.~2.21!. We have
already estimated the transition ratesk. The second term in
this expression is the pure dephasing term which can in p
ciple be calculated from Eq.~2.20! for the instantaneous fre
quency. The correlation timet is the spectral density at zer
frequency of the fluctuations in transition frequency. Follo
ing our earlier arguments in connection with the solve
shift, the principal contribution to the dephasing is likely
come from the first of these terms which is zero for t
antisymmetric mode. Substituting the values from our sim
lations we obtain

D52163 cm211Ddep symmetric stretch, ~3.17!

D533610 cm211Ddep antisymmetric stretch,~3.18!

where the pure dephasing termDdep is likely to be negligible
for the antisymmetric mode, but may be significant for t
symmetric mode.

The dephasing rate of the symmetric stretch has b
measured in water by the RISRS technique54–59and found to
be T250.5360.1 ps. This time corresponds to a width
D52162 cm21 which is in good agreement with the calcu
lation. The width of antisymmetric stretch mode is also co
sistent with preliminary results in water. For methanol t
dephasing time is slower corresponding toT250.96 ps (D
512 cm21).

IV. OVERVIEW

Our results differ from those of Satoet al.30 in that we
predict a pronounced symmetry breaking with a free ene
maximum for the undistorted molecule while they find a ve
flat free energy landscape in this region. Our calculatio
differ in a variety of ways. They treat the solute more e
actly, but the solvent by the RISM approximation. Our co
trol parameter is the difference of the effective charge on
two end atoms and we keep both the charge on the ce
atom and the ion geometry constant, while their control
rameters are the bond lengths. The position of the first pe
in our gIO(r ) functions agrees well, but the correspondi
functions for the iodine-proton distribution highlights a di
ference between the calculations. Our model shows m
structuring in this function for the undistorted molecule th
theirs, which is probably associated with the larger quad
pole moment in our model for the symmetric, unpolariz
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state. This effect does not, however, explain the differe
between our results as more structuring should lead
greater rather than less stabilization of the symmetric c
figuration. The difference may lie in the difference betwe
the RISM approximation and our fully symmetrical mode

The advantage of our approach is that we obtain dyna
cal information as well as equilibrium properties and t
latter are for a full molecular model of the solvent rather th
the approximate RISM or continuum descriptions. As in
such simulations it is possible that the potential model m
not be adequate. The water model has been used extens
and successfully in many simulations, while the iodine-wa
potential is similar to that used in previous work and by S
et al.30

The present calculations show that it is likely that
water the tri-iodide ion is stabilized in a polar form as t
result of solvation forces. Some questions remain.

We may ask why the I3
2 ion is stable with respect to

dissociation into I21I2? The calculations presented are on
valid for small distortion, so the solvation free energy fun
tion may be inaccurate at largeq. We can say from the cur
vature of the free energy around the point of symmetry t
distortion will occur, but we are not able to predict what t
equilibrium dipole moment will be. There must be a lar
barrier in the free ion preventing dissociation which will pe
sist in the solvent. The present calculations preserve e
bond lengths, and hence cannot be extrapolated to larg
pole moments. We should say that the large curvature in
free energy suggests that the wells are quite deep wi
barrier which is considerably greater thankT.

Why is there a difference between water and aceto
trile? The main difference between solvents contain
hydrogen-bonding protons and those which are unable to
drogen bond is that the proton in the water which carrie
positive charge has few electrons around it and so it
closely approach a partial negative charge. This means
there is a very favorable local electrostatic interaction. O
example of this is the hydrogen bond itself. In a nonhyd
gen bonding solvent with a similar dipole moment this ca
not happen. Water is also unusual in having a network st
ture, but this is unlikely to affect the stabilization of a
induced I3

2 dipole.
One puzzle which remains is why is the vibrational sy

metric stretch frequency of the I3
2 ion is almost insensitive to

the solvent? The main contribution to the solvent shift is
cross term between the solvent force along a particular
mal mode and the cubic anharmonicity. Our estimate of
7% red shift is inconsistent with the experiment.
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