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Solvent-induced symmetry breaking: Varying solvent strength
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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 faddsr\ 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 shows only a weak maximum near the critical
value ofA =)\, 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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[. INTRODUCTION is the standard spc/e model which causes strong symmetry
. . breaking[9]; when\ =0 the solvent is a Lennard-Jones sol-
In an earlier paper we showed that symmetry breaklnq/em which does not cause symmetry breaking. Thus varying

could be induced in the triiodide ion by varying the solvent . .
[1]. Experiments and simulatiorf2—6] suggest that protic A prowdes amethod of tuning the solvent strengtirough
the critical valueR,.

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- Il. THEORY AND COMPUTATIONAL DETAILS

ing bond elongates. We suggested that one could draw an A. Valence bond model for I~
analogy between the mean field Ising model with free energy 1o \odel for triiodide ion is the same as used in our
F=a(T-Ty)7*+Cy" (1)  previous work[1,5,6,9,10. The electronic structure of the
. ) . ion is described using a semiempirical valence bond model
and solvent induced symmetry breaking with based on the diatomics in molecules methdd] with addi-
F=a(R,- R 7+ Cx". (2)  tional terms due to the fact that the species is chafged

Provided the ion is constrained to be linear, its ground state
In these expressions is the Landau free energy per mol- s described by a 83 Hamiltonian matrix, whose matrix
ecule(or per spin, 7 is an order parameter, amdandC are  elements depend on the instantaneous values of the bond
coefficienty 7]. The Ising model has a critical point when the |engths and the instantaneous external electrostatic potential
temperaturel reachesT,; below this temperature the sym- que to the solvent. Full details are given in the appendix to
metry is broken to give domains with nonzero order paramRef. [10]. The solvent molecules are rigid three-site models
eters, while above this temperature the order parameter isased on spc/e wat¢B], with partial charges on all three
equal to zero. Various critical phenomena, such as vanishingtomic sites and Lennard-Jones interactions on the oxygen
of the inverse susceptibility and diverging fluctuations in thesjte. The total energy of the system can be written as
order parameter, are observed as the critical point is ap-
proached. Although in real systems critical behavior is _ 9% LJ
caused by cooperative effects which are not present in our Edirih) = azﬁ CO“CO'BH“BJr%: et i * Jzk Vik (i)
system, the similarity of Eq$1) and(2) led us to investigate
the behavior of our system near its critical solvent strength. + Vle“‘(rim), €)]
In order to vary the solvent strength in a systematic way we im
used a series of modified waters as solvents. The models
based on the standard spg8 model with a Lennard-Jones
center on the oxygen atom and charges on the atomic site
The charges are scaled by a fackcoWhen\=1 the solvent

Alfhere the first term is the guantum mechanical energy of the
round state, withd ,; being the Hamiltonian matrix element
etween basis statesand 8 andc,, 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 siteg andk and the last term is the sum

*Present address: University Chemical Laboratory, Lensfieldf Lennard-Jones interactions between solvent sites and io-
Road, Cambridge CB2 1EW, U.K. dine atomic sitesn.
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TABLE I. Intermolecular Lennard-Jones site-site parameters forantisymmetric stretcli=(b;,— bzs)/\%- The former measures
modified water models. Cross terms in the Lennard-Jones interaghe extent of electronic distortion, while the latter measures
tions were calculated using the Lorentz-Bertholet rulesiaried  the geometrical distortion. The instantaneous values of these

between zero and 1.25. parameters were determined at each time step, and averages,
mean square fluctuations, and probability histograms were
Atom i € (kJmor?) o (A) qli)/e constructed.
o 0.6502 3.169 -0.8476 _ _
H 0 0 0.4238 D. Shannon’s information entropy
[ 0.4184 5.167 Varies From the two-dimensional histograms for the probability

distributions of the two order parameters, the Shannon infor-

mation entropy functiorH(Z, ) was constructed for each
Quantum mechanical forces on both iodine and solvenbin,

sites were calculated using the Hellmann-Feynman theorem

while the forces arising from the three classical terms in Eq. R, ==p& winp(,w), (4)

(3) were calculated in the usual way within the molecularyhere p(Z,u) is the probability of being in that bin, with

dynamics program. The ion was constrained to be lineassp(s, 4)=1. The Shannon entropy of the systéd] is
throughout. then

B. Modified water models h=2> 2 H(w). (5
{ n

The solvent molecules were based on the standard spc/le ) o )
model for a water moleculg8] with a Lennard-Jones center The limit of this sum as bin sizes tend to zero is a property of
on the oxygen and charges on the atomic sites. In spc/e wattie system, ra_ther tha_m of our information about it, and is the
hydrogen bonds and all other orientational correlations ar€ntropy associated with the spread of order parameter values.
due solely to electrostatic interactions between moleculeslne bin sizes used weréu=3 D and6¢=0.04 A. The val-
Thus the hydrogen-bond strength can be controlled by scakes of the bin sizes affect the zero of entropy, but, as they
ing the charges. In this study, nine solvent models were useyere kept constant for all the simulations, entropy differ-
with the charges scaled by a facterwhich varied from  €nces between runs are real although absolute values are ar-
1.125, giving a superstrong water, through 1, giving the stanbitrary.
dard spc/e model, to zero, giving a pure Lennard-Jones sol-
vent. Ill. RESULTS

Th? Lennard-Jones potential be;ween the |9d|ne and oxy- Figure 1 shows the distribution of the Shannon entropy
gen sites was the same as used in our previous work with

water[1,3,5. The Lennard-Jones parameters and the partia(IjL:ni(t:;o?;(géﬁgétgghvg}sein&Of\/'\?;(;::agogmgﬁt%g?;uirsala
charges for sites are given in Table . gts), '

single maximum while when lambda is high enough two
_ _ _ maxima are seen. Figure 2 shows cross sections through this
C. Simulation details H surface for all the runs. The direction of cross section is

Molecular dynamics simulations were carried out using 2different for eachk and is either chosen to go through the
version of thepLpoLy program[13] which was modified to W0 maxima, or, when there is only a single maximum, it is
include the construction and diagonalization of the Hamil-chosen to go through the direction of minimum curvature.
tonian matrix and the calculation of the Hellmann-Feynman' hese figures show that there is symmetry breaking in the
forces. The simulation cell contained one triiodide ion andcurve marked 4x=0.5 and there is no symmetry breaking
509 modified water molecules in a cubic box with an edgen the curve marked 3\=0.379 Thus the critical solvent
length of 24.8 A. In our earlier work9,10] we verified that ~ strength is\;=0.43+0.04. These results confirm that varying
this cell was large enough to avoid finite size effects and thathe scaling parameter induces symmetry breaking.
the properties of the triiodide ion in this system size were the There is noa priori reason to identify\ rather than some
same within the noise as those in a system size with 728inction of A with the solvent strength in the free energy
water molecules at the same density. The long-range electr@guation (2). However, Fig. 3 shows that the solvent-
statics were treated using the Ewald method, with the neffiiodide interaction energy (lowest curve¢ decreases
charge of the ion balanced by a uniform background chargémoothly with the scaling factor and is approximately lin-
which exerts no force on any atom. Simulations were carriegar in the critical region. This figure also showspper
out at 300 K with a time step of 1 fs. For each value of thecurve) the energetic cost of polarizing the ion.
charge scaling constant the system was thoroughly equili- ~ The inverse susceptibilities for the response to an external
brated before collecting data for 1 ns. electric field

Our earlier work has shown that two order parameters 12 KT ) 6)
were necessary to describe the symmetry breaking. The order X K
parameters chosen are the molecular dipole momentla-  are plotted in Fig. 4 as a function af It can be seen that
tive to the center of magsind the normal coordinate for the there is a monotonic decrease in the inverse susceptibility as
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FIG. 3. Solvent-solute energetics. The top cuisguaresshows
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 curv@pen circley shows the average solute-
FIG. 1. Three-dimensional plots of Shannon’s information en-SClvent interaction energy and the middle curifled circles
tropy functionH(Z, u) of 1,” at 300 K as a function of the antisym- SOWS the sum of these two energies, as a function of
metric vibrational normal coordinateand the dipole moment for

different modified water solvents. The distributions correspond tocritical value \.. In a true second-order phase transition,
charge scaling factora=0, 0.375, 0.75, and 1.125. Note the however,h diverges at the critical point.

gradual changes from a single peéymmetry preservingto

double peakgsymmetry breakingand also the changes of distor-

tions around each peak. IV. A SIMPLE MODEL

, , 1 In order to understand the difference between the behav-
a function of the scaling faCt_O_)" but x™* does not tend ior of the triiodide ion and the mean field Ising model, we
linearly to zero near the critical solvent_ _strengxh:)\c _study the properties of a simple model. The model we con-
=0.43. In a true second-order phase transition, however, iNs4or has a single order parametgand a Landau free en-
verse susceptibilities would tend linearly to zero at the criti-

er er molecule given b
cal solvent strength. ayp 9 y
The Shannon entroply might also be expected to show E= a(Ry, - R)7% + C7". 7)
anomalous behavior near the critical solvent strength. Figure

5 shows that in the triiodide case this quantity has a weaRhis can be rewritterjby rescalingF:CT:/(aRO)z and 77
maximum at a value ok which is slightly greater than the =C7?/(2aR,)] as

04 F=(1-p) 2 +74, (8)
where p=R/R, is a measure of the relative strength of the
solvent interaction. The critical point where symmetry break-
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FIG. 2. Cross sections through the Shannon entropy function 0.0 02 0.4 Of 08 1.0 12
surfaces for differenk values. The curves are labeled with 8\.

Note that symmetry breaking first occurs betweéer8 and 4, giv-

FIG. 4. Inverse susceptibility of the triiodide ion in solution as a
ing \;=0.43+0.04.

function of A. Note that this does not tend to zeroxat=0.43.
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FIG. 5. Total Shannon entrogdy as a function ofx for a triio-
dide ion in solution. Note that there is a weak maximum at about : EE—
A=0.6 although the critical value of for symmetry breaking ia 05 ! p 13 2
=0.43+0.04.

FIG. 7. Inverse susceptibility of the model as a function of the
solvent strength for various values of the paramgtefhe curves
are labeled with the corresponding values @&f Note the linear
decrease in inverse susceptibility betwgen0 and neap=1 for
the highest values g8.

ing occurs isp=1. In order to find the behavior near the
critical point, we examine the properties of the probability
distribution of the order parameter

p(7) = ex - BFYIZ = exp{~ BL(1 - p) 77712 + n*141}/Z
the inverse of the susceptibility of the model system as a

(©) function of p for a range of values of the paramejgrin all
as a function of the parametgr In this expression cases the inverse susceptibility decreases wijthut it is
only when g is greater than about 500 that the inverse sus-
* ceptibility decreases linearly toward a value of zeropat
Z= J exp(~ Bl(1 - p) 712 + 7'l4]}d7. (100 <1,
"“’ When g is sulfficiently large the results for both the Shan-

Figure 6 shows the values of the Shannon entropy of th&@on entropy and the susceptibility are very similar to those
model,h=—pIn p d», as a function ofp for a number of obtained from a mean field model of a second-order phase
values of 8. It can be seen that has a maximum as a transition with Landau free energy. At smaller valuespof
function ofp. As B increases, this maximum gets sharper andhe anomalous behavior gradually becomes less marked and

shifts downwards towards=1. Figure 7 shows the values of eventually disappears. In the standard treatni&htof the
mean field Ising moddIEq. (1)], one is only concerned with

9 . - the minima of the free energy function and fluctuations in the
LEndn e e el order parameter are ignored, while the expression that we
] have usedEq. (9)] 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.(1) is the free energy per unit cell or per spin.
The observed; is the average over all the unit cells or all the
spins and, as one observes the average over a large nimber
of unit cells or overN spins, the probability of observing a

[ 500

e

given value ofy is given by

p(n) = exp{— (NIkD[a(Ty—T) 5%/2 + Cy%41}Z. (11)

2 L 000
I In the limit N—o it is indeed only the minima that are
: observed. In the solvent-induced symmetry breaking situa-
3 L5000 - ! - tion we observe individual molecules and the relevant prob-
0 0.5 1 1.5

FIG. 6. Variation of the Shannon entropy of the modelwith
relative solvent strengtp for different values of the paramet@x:

ability is given by the similar equatio(®) but with the dif-
ference that8=(4aR,)?/(CKT) rather thanN/kT. The fact
that we only see significant maxima in the Shannon entropy
near the critical value gb when g is large is consistent with

Note that asp increases the maximum gets sharper and moveshe fact that true critical phenomena only occur in the limit

closer to the critical valug=1.

of N—oc and depend on the observation of an order param-
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eter which is an average over many replicated system@and there is only a small maximum in the Shannon entropy
While solvent-induced symmetry breaking will never showand the inverse susceptibility does not decrease linearly. By
true divergences, there will be maxima in the Shannon eneomparing the results to a simple model we see that if
tropy if the value of the dimensionless parameter(aR,)?/CkT~100 the model system shows a rather similar
(aRy)?/CKT is large enough. Comparing the model resultsbehavior to our system of a triiodide ion in modified water.
with those observed for the triiodide ion, we estimate that thdn order to see anomalies near the critical solvent strength
order of magnitude ofaR,)%/CKT in our system of a triio- this parameter needs to be larger by a factor of 10 or more.
dide ion in modified water is about 100. At this value there isAlthough this could in principle occur at a lower tempera-
a weak maximum in the entropy at a higher solvent strengtiure, in practice the solvent would freeze. A system that was
than the critical one and the inverse susceptibility decreasdsss polarizable would have a larger valuead?, and so
smoothly but not linearly below and through the critical might show anomalous behavior but a strong interaction with
point. the solvent would be needed for symmetry breaking to occur
at all.
V. CONCLUSION The essential difference between the solvent-induced
symmetry breaking and the mean field Ising model is that in
In this paper we have examined the solvent-induced symihe |atter the observed quantity is an average over many

metry breaking of the triiodide ion induced by water andspins, while in the former observations are made on indi-
modified water. The use of scaled charges in the solvenjigual molecules.

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 We thank EPSRQ@Grant No. GR/N38459/0Q1and NSFC
from no symmetry breaking to symmetry breaking is weak(Grant No. 10435030for financial support.
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