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The triiodide ion is an example of a system where symmetry breaking may be induced by a solvent. The
Landau free energy is expected to have a similar form to that for the mean field Ising model, but with solvent
strength rather than temperature as the control parameter determining whether there is symmetry breaking. In
order to examine the extent of anomalous behavior near the critical point we have studied the properties of the
ion in a solvent based on a model for water with charges scaled by a factorl. As l is increased from zero the
solvent strength increases and the system changes from one with no symmetry breaking to one with strong
symmetry breaking. The Shannon entropy as a function ofl shows only a weak maximum near the critical
value ofl=lc, while the susceptibility has no anomalous behavior. We examine a simple model and show that
anomalies near the critical point would increase as the temperature decreases, but divergences associated with
a second order phase transition would only be seen in the limit of zero temperature.
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I. INTRODUCTION

In an earlier paper we showed that symmetry breaking
could be induced in the triiodide ion by varying the solvent
f1g. Experiments and simulationsf2–6g suggest that protic
solvents which can form hydrogen bonds with a negative ion
cause symmetry breaking of the ion, so that the charge be-
comes concentrated at one end of the ion and the correspond-
ing bond elongates. We suggested that one could draw an
analogy between the mean field Ising model with free energy

F = asT − T0dh2 + Ch4 s1d

and solvent induced symmetry breaking with

F = asR0 − Rdh2 + Ch4. s2d

In these expressionsF is the Landau free energy per mol-
eculesor per spind, h is an order parameter, anda andC are
coefficientsf7g. The Ising model has a critical point when the
temperatureT reachesT0; below this temperature the sym-
metry is broken to give domains with nonzero order param-
eters, while above this temperature the order parameter is
equal to zero. Various critical phenomena, such as vanishing
of the inverse susceptibility and diverging fluctuations in the
order parameter, are observed as the critical point is ap-
proached. Although in real systems critical behavior is
caused by cooperative effects which are not present in our
system, the similarity of Eqs.s1d ands2d led us to investigate
the behavior of our system near its critical solvent strength.
In order to vary the solvent strength in a systematic way we
used a series of modified waters as solvents. The models are
based on the standard spc/ef8g model with a Lennard-Jones
center on the oxygen atom and charges on the atomic sites.
The charges are scaled by a factorl. Whenl=1 the solvent

is the standard spc/e model which causes strong symmetry
breakingf9g; whenl=0 the solvent is a Lennard-Jones sol-
vent which does not cause symmetry breaking. Thus varying
l provides a method of tuning the solvent strengthR through
the critical valueR0.

II. THEORY AND COMPUTATIONAL DETAILS

A. Valence bond model for I3
−

The model for triiodide ion is the same as used in our
previous workf1,5,6,9,10g. The electronic structure of the
ion is described using a semiempirical valence bond model
based on the diatomics in molecules methodf11g with addi-
tional terms due to the fact that the species is chargedf12g.
Provided the ion is constrained to be linear, its ground state
is described by a 333 Hamiltonian matrix, whose matrix
elements depend on the instantaneous values of the bond
lengths and the instantaneous external electrostatic potential
due to the solvent. Full details are given in the appendix to
Ref. f10g. The solvent molecules are rigid three-site models
based on spc/e waterf8g, with partial charges on all three
atomic sites and Lennard-Jones interactions on the oxygen
site. The total energy of the system can be written as

Eshr ijd = o
ab

c0ac0bHab + o
i j

qjqk

4pe0r jk
+ o

jk

Vjk
LJsr jkd

+ o
jm

VjI
LJsr imd, s3d

where the first term is the quantum mechanical energy of the
ground state, withHab being the Hamiltonian matrix element
between basis statesa andb andc0a the coefficient of basis
statea in the ground state. The second and third terms are
sums of the electrostatic and Lennard-Jones interactions over
all pairs of solvent sitesj andk and the last term is the sum
of Lennard-Jones interactions between solvent sites and io-
dine atomic sitesm.
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Quantum mechanical forces on both iodine and solvent
sites were calculated using the Hellmann-Feynman theorem
while the forces arising from the three classical terms in Eq.
s3d were calculated in the usual way within the molecular
dynamics program. The ion was constrained to be linear
throughout.

B. Modified water models

The solvent molecules were based on the standard spc/e
model for a water moleculef8g with a Lennard-Jones center
on the oxygen and charges on the atomic sites. In spc/e water
hydrogen bonds and all other orientational correlations are
due solely to electrostatic interactions between molecules.
Thus the hydrogen-bond strength can be controlled by scal-
ing the charges. In this study, nine solvent models were used
with the charges scaled by a factorl which varied from
1.125, giving a superstrong water, through 1, giving the stan-
dard spc/e model, to zero, giving a pure Lennard-Jones sol-
vent.

The Lennard-Jones potential between the iodine and oxy-
gen sites was the same as used in our previous work with
water f1,3,5g. The Lennard-Jones parameters and the partial
charges for sites are given in Table I.

C. Simulation details

Molecular dynamics simulations were carried out using a
version of theDLPOLY programf13g which was modified to
include the construction and diagonalization of the Hamil-
tonian matrix and the calculation of the Hellmann-Feynman
forces. The simulation cell contained one triiodide ion and
509 modified water molecules in a cubic box with an edge
length of 24.8 Å. In our earlier workf9,10g we verified that
this cell was large enough to avoid finite size effects and that
the properties of the triiodide ion in this system size were the
same within the noise as those in a system size with 726
water molecules at the same density. The long-range electro-
statics were treated using the Ewald method, with the net
charge of the ion balanced by a uniform background charge
which exerts no force on any atom. Simulations were carried
out at 300 K with a time step of 1 fs. For each value of the
charge scaling constantl, the system was thoroughly equili-
brated before collecting data for 1 ns.

Our earlier work has shown that two order parameters
were necessary to describe the symmetry breaking. The order
parameters chosen are the molecular dipole momentm srela-
tive to the center of massd and the normal coordinate for the

antisymmetric stretchz=sb12−b23d /Î6. The former measures
the extent of electronic distortion, while the latter measures
the geometrical distortion. The instantaneous values of these
parameters were determined at each time step, and averages,
mean square fluctuations, and probability histograms were
constructed.

D. Shannon’s information entropy

From the two-dimensional histograms for the probability
distributions of the two order parameters, the Shannon infor-
mation entropy functionHsz ,md was constructed for each
bin,

Hsz,md = − psz,mdln psz,md, s4d

where psz ,md is the probability of being in that bin, with
oopsz ,md=1. The Shannon entropy of the systemf14g is
then

h = o
z

o
m

Hsz,md. s5d

The limit of this sum as bin sizes tend to zero is a property of
the system, rather than of our information about it, and is the
entropy associated with the spread of order parameter values.
The bin sizes used weredm=3 D anddz=0.04 Å. The val-
ues of the bin sizes affect the zero of entropy, but, as they
were kept constant for all the simulations, entropy differ-
ences between runs are real although absolute values are ar-
bitrary.

III. RESULTS

Figure 1 shows the distribution of the Shannon entropy
functionHsz ,md, with the unit of information “nats”snatural
digitsd, for selected values ofl. Whenl is small there is a
single maximum while when lambda is high enough two
maxima are seen. Figure 2 shows cross sections through this
H surface for all the runs. The direction of cross section is
different for eachl and is either chosen to go through the
two maxima, or, when there is only a single maximum, it is
chosen to go through the direction of minimum curvature.
These figures show that there is symmetry breaking in the
curve marked 4sl=0.5d and there is no symmetry breaking
in the curve marked 3sl=0.375d Thus the critical solvent
strength islc=0.43±0.04. These results confirm that varying
the scaling parameterl induces symmetry breaking.

There is noa priori reason to identifyl rather than some
function of l with the solvent strength in the free energy
equation s2d. However, Fig. 3 shows that the solvent-
triiodide interaction energy slowest curved decreases
smoothly with the scaling factorl and is approximately lin-
ear in the critical region. This figure also showssupper
curved the energetic cost of polarizing the ion.

The inverse susceptibilities for the response to an external
electric field

x−1 = kT/km2l s6d

are plotted in Fig. 4 as a function ofl. It can be seen that
there is a monotonic decrease in the inverse susceptibility as

TABLE I. Intermolecular Lennard-Jones site-site parameters for
modified water models. Cross terms in the Lennard-Jones interac-
tions were calculated using the Lorentz-Bertholet rules.l varied
between zero and 1.25.

Atom i eii skJ mol−1d sii sÅd qsid /e

O 0.6502 3.169 −0.8476l

H 0 0 0.4238l

I 0.4184 5.167 Varies
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a function of the scaling factorl, but x−1 does not tend
linearly to zero near the critical solvent strengthl=lc
=0.43. In a true second-order phase transition, however, in-
verse susceptibilities would tend linearly to zero at the criti-
cal solvent strength.

The Shannon entropyh might also be expected to show
anomalous behavior near the critical solvent strength. Figure
5 shows that in the triiodide case this quantity has a weak
maximum at a value ofl which is slightly greater than the

critical value lc. In a true second-order phase transition,
however,h diverges at the critical point.

IV. A SIMPLE MODEL

In order to understand the difference between the behav-
ior of the triiodide ion and the mean field Ising model, we
study the properties of a simple model. The model we con-
sider has a single order parameterh and a Landau free en-
ergy per molecule given by

F̃ = asR0 − Rdh̃2 + Ch̃4. s7d

This can be rewrittenfby rescalingF=CF̃/ saR0d2 and h2

=Ch̃2/ s2aR0dg as

F = s1 − rdh2/2 + h4/4, s8d

wherer=R/R0 is a measure of the relative strength of the
solvent interaction. The critical point where symmetry break-

FIG. 1. Three-dimensional plots of Shannon’s information en-
tropy functionHsz ,md of I3

− at 300 K as a function of the antisym-
metric vibrational normal coordinatez and the dipole momentm for
different modified water solvents. The distributions correspond to
charge scaling factorsl=0, 0.375, 0.75, and 1.125. Note the
gradual changes from a single peakssymmetry preservingd to
double peaksssymmetry breakingd and also the changes of distor-
tions around each peak.

FIG. 2. Cross sections through the Shannon entropy function
surfaces for differentl values. The curves are labeled with,=8l.
Note that symmetry breaking first occurs between,=3 and 4, giv-
ing lc=0.43±0.04.

FIG. 3. Solvent-solute energetics. The top curvessquaresd shows
the change in the average internal energy of the molecule relative to
the gas phase which is a measure of the cost of polarizing the
molecule. The lowest curvesopen circlesd shows the average solute-
solvent interaction energy and the middle curvesfilled circlesd
shows the sum of these two energies, as a function ofl.

FIG. 4. Inverse susceptibility of the triiodide ion in solution as a
function of l. Note that this does not tend to zero atlc=0.43.
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ing occurs isr=1. In order to find the behavior near the
critical point, we examine the properties of the probability
distribution of the order parameter

pshd = expf− bFg/Z = exph− bfs1 − rdh2/2 + h4/4gj/Z
s9d

as a function of the parameterb. In this expression

Z =E
−`

`

exph− bfs1 − rdh2/2 + h4/4gjdh. s10d

Figure 6 shows the values of the Shannon entropy of the
model, h=−ep ln p dh, as a function ofr for a number of
values of b. It can be seen thath has a maximum as a
function ofr. As b increases, this maximum gets sharper and
shifts downwards towardsr=1. Figure 7 shows the values of

the inverse of the susceptibility of the model system as a
function ofr for a range of values of the parameterb. In all
cases the inverse susceptibility decreases withr, but it is
only whenb is greater than about 500 that the inverse sus-
ceptibility decreases linearly toward a value of zero atr
,1.

Whenb is sufficiently large the results for both the Shan-
non entropy and the susceptibility are very similar to those
obtained from a mean field model of a second-order phase
transition with Landau free energy. At smaller values ofb
the anomalous behavior gradually becomes less marked and
eventually disappears. In the standard treatmentf7g of the
mean field Ising modelfEq. s1dg, one is only concerned with
the minima of the free energy function and fluctuations in the
order parameter are ignored, while the expression that we
have usedfEq. s9dg gives the full range of possible values.
The reason that one can ignore fluctuations in the treatment
of phase transitions is that the expression for the free energy
given in Eq.s1d is the free energy per unit cell or per spin.
The observedh is the average over all the unit cells or all the
spins and, as one observes the average over a large numberN
of unit cells or overN spins, the probability of observing a
given value ofh is given by

pshd = exph− sN/kTdfasT0 − Tdh2/2 + Ch4/4gj/Z. s11d

In the limit N→` it is indeed only the minima that are
observed. In the solvent-induced symmetry breaking situa-
tion we observe individual molecules and the relevant prob-
ability is given by the similar equations9d but with the dif-
ference thatb=s4aR0d2/ sCkTd rather thanN/kT. The fact
that we only see significant maxima in the Shannon entropy
near the critical value ofr whenb is large is consistent with
the fact that true critical phenomena only occur in the limit
of N→` and depend on the observation of an order param-

FIG. 5. Total Shannon entropyh as a function ofl for a triio-
dide ion in solution. Note that there is a weak maximum at about
l=0.6 although the critical value ofl for symmetry breaking isl
=0.43±0.04.

FIG. 6. Variation of the Shannon entropy of the model,h, with
relative solvent strengthr for different values of the parameterb.
Note that asb increases the maximum gets sharper and moves
closer to the critical valuer=1.

FIG. 7. Inverse susceptibility of the model as a function of the
solvent strength for various values of the parameterb. The curves
are labeled with the corresponding values ofb. Note the linear
decrease in inverse susceptibility betweenr=0 and nearr=1 for
the highest values ofb.
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eter which is an average over many replicated systems.
While solvent-induced symmetry breaking will never show
true divergences, there will be maxima in the Shannon en-
tropy if the value of the dimensionless parameter
saR0d2/CkT is large enough. Comparing the model results
with those observed for the triiodide ion, we estimate that the
order of magnitude ofsaR0d2/CkT in our system of a triio-
dide ion in modified water is about 100. At this value there is
a weak maximum in the entropy at a higher solvent strength
than the critical one and the inverse susceptibility decreases
smoothly but not linearly below and through the critical
point.

V. CONCLUSION

In this paper we have examined the solvent-induced sym-
metry breaking of the triiodide ion induced by water and
modified water. The use of scaled charges in the solvent
models allows us to vary the solvent strength continuously
through the critical point at which symmetry breaking first
occurs and to determine whether there is any anomalous be-
havior near this point. In this particular system the transition
from no symmetry breaking to symmetry breaking is weak

and there is only a small maximum in the Shannon entropy
and the inverse susceptibility does not decrease linearly. By
comparing the results to a simple model we see that if
saR0d2/CkT<100 the model system shows a rather similar
behavior to our system of a triiodide ion in modified water.
In order to see anomalies near the critical solvent strength
this parameter needs to be larger by a factor of 10 or more.
Although this could in principle occur at a lower tempera-
ture, in practice the solvent would freeze. A system that was
less polarizable would have a larger value ofaR0, and so
might show anomalous behavior but a strong interaction with
the solvent would be needed for symmetry breaking to occur
at all.

The essential difference between the solvent-induced
symmetry breaking and the mean field Ising model is that in
the latter the observed quantity is an average over many
spins, while in the former observations are made on indi-
vidual molecules.
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