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Linear-responsetheory is used to derive a microscopic formula for the free-energychangeof a solutesolvent system in responseto a changein the charge distribution of the solutes.The formula expresses
the changein the solvent polarization energy as a quadratic function of the changesin the partial
chargesat the atomic centers of the solute atoms. The averageelectrostatic potential at the sites of the
solute chargesand the secondmoment of the fluctuations in the electrostatic potential at thesesites
enter as parametersin the formula. These parameterscan be obtained from computer simulations of a
referencesystem with fixed solute chargesand the results then compared with explicit free-energy
simulations of the correspondingprocessesor with experiment. The formula provides a microscopic
definition of the dielectric responsefunction for the combined solute plus solvent system which can be
related to standard formulas for the dielectric response.A simple numerical example involving a
simulation of the charging free energy of two ions in aqueoussolution is discussed.The changein the
solvent polarization with solute charge predicted using the molecular dielectric responsefunction
agreesremarkably well with the results of correspondingfree-energysimulations for large changesin
the solvent polarization energy. Some applications of the molecular dielectric responseformula are
discussed.

1.INTRODUCTION
In linear-responsetheory, as applied to solvation thermodynamics, there is a quadratic relation between the free
energy and the solvent polarization coordinate.’ This relation is one of the assumptionsof classical Marcus electron
transfer theory.’ Recent computer simulations of charge
transfer in solution have demonstrated the broad range of
validity of linear-responsetheory for such processes,3-8although exceptions have also been noted.‘*” The theory is
basedon the assumption that the solvent responseto a perturbation is linear in the perturbation. While linear-response
relations are usually derived by assumingthat the perturbation is a small parameter,for systemsdescribedby Gaussian
distribution functions the linear-responserelations are exact. We use this fact to derive a formula for the free-energy
changeof a solute-solvent system in responseto a changein
the charge distribution of the solute(s). The formula expressesthe change in the solvent polarization energy as a
quadratic function of the changesin the partial chargesat
the atomic centersof the solute atoms. The averageelectrostatic potential at the sites of the solute chargesand the second moment of the fluctuations at thesesitesenter as parameters in the formula. The parameterscan be obtained from
computer simulations of a referencesystemwith fixed solute
charges and the results then compared with explicit freeenergy simulations of the corresponding processesor with
experiment. The formula provides a microscopic definition
of the dielectric function for the combined solute plus solvent taken as the referencesystem which can be related to
standard formulas for the dielectric response.In Sec.II, we
derive the microscopic formula for the electrostatic free-energy changedue to a changein the charge distribution of the

simple model problem, calculation of the solvent polarization energywhen two ions at fixed separationare chargedup
in aqueoussolution. The free-energychangepredicted using
the linear-responseformula is compared with the results of
explicit free-energysimulations. The sensitivity of the results
to the choice of referencesystemused to evaluatethe dielectric function is discussed.As discussedin Sec.III, the variation of the dielectric function parameters with reference
system is a manifestation of a (small) nonlinear dielectric
effect. Finally, we suggestsome possibleapplications of the
molecular dielectric-responseformula.

solute atomic sites.In Sec.III we apply the formula to a

this leadsto the parabolicbehaviorof the free-energycurve

II. THEORY
We consider a set of solute atoms with charges immersed in a solvent. The fluctuations of the solvent molecules lead to fluctuations in the electrostatic potential at the
solute sites and to fluctuations in the total electrostatic interaction energy between the solute and the solvent. The electrostatic interaction energy U between the solute and the
solvent and the fluctuations A Ucan be written as the following sums over the atomic sites of the solute(s) :
lJ= C ViQi9

(la)

i

AU = 2 AV;q,,

(lb)

i

A& = Vi -Fj,

(lc)

where Vi is the instantaneouselectrostatic potential due to
the solvent at the ith solute site, and A Vi is the fluctuation of
& from the equilibrium averagevi. If a Gaussian form is
assumed for the probability distribution function p( AU),
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as a function of AU (the “polarization coordinate”) characteristic of the linear-responsemodel. Simulationshavedemonstratedthat p ( A U) doesindeedhavea Gaussianform for
model systemscorrespondingfor example,to aqueousferrous-ferric ions at internuclear separations(ca. 6 &,3 as
well as for a contact ion pair in a model dipolar solvent.4To
derivethe formula for the free-energychangecorresponding
to a changein the chargeson the solute sites,we assumethat
the probability function for the electrostaticpotentialsat the
solutesitesdue to the solventis alsoa multivariate Gaussian,
(det u -l)l’=
(2a)

X exp( - JAV+.U - ‘AV),

(2b)
In Eqs. 2(a) and 2 (b), u is the covariancematrix of the
fluctuations in the electrostaticpotentials at the solute sites
with fixed chargeson the solutes,u - ’is the inversematrix,
AVt is the row vector of the fluctuations in the electrostatic
potential at the solute sites,AVt = (AV, ,AV, ,...,AV, ), and
the indicesrun from 1 through n, the total number of solute
sites.
The free-energychangein going from a referencestate
describedby a potential function V to a “primed” state with
potential function V’ canbe written asaconfigurationalintegral over the partition function of the referencestate with
potential V, ’’
AF = - k,Tln(e-PCY’= - k,Tln

“)v

(W

e - 8( v’- “p eq( v)d{x}

>

,

(3b)

whereB = (k, T) - ‘, peq( V) is the normalized Boltzmann
factor for a configuration of the referencestate (which depends on all the solute plus solvent coordinates), and the
integral is over all the coordinatesof the system.If the referencestateand primed statediffer only by the chargedistribution (partial charges) of the solute atoms, then the integral
[ Eq. 3 (b) ] may be convertedto the following integral over
the fluctuations in the electrostatic potential due to the solvent at the solute sites:
11 =

e - DC” - “p,

( v)d{x)

xdA V, dA V, ,..., dA V,,.

(4)

In Eq (4), Aqi is the differencein the partial chargeat the
ith solute atom betweenthe primed state and the reference
state. If the Gaussianform given by Eq. (2) for p{A Vi} is
assumed,then the integral in Eq. (4) may be explicitly evaluated,

I1 = exp(-flT

xAqi)

(b)“”

(det u -l)l’=

exp(a’*AV - jAVT.o - i.AV)

X

xdAV,AV,,...,dAV,,

= exp
where aT is the row vector formed from the changesin the
partial chargesbetweenthe referenceand primed statesmultiplied by - /3,
aT = - B(Aq, ,Aq, ,...,Aq, I.
(6)
Substituting Eq. (5) into the expressionfor the free-energy
change,Eq. (3 ), we derivean explicit expressionfor the freeenergychangein terms of the changesin the partial charges
at the solutesites{Aqi}, the averagevaluesof the electrostatic potential from the solvent at each solute site in the reference system vi, and the correlation functions for the joint
fluctuations in the electrostaticpotentialsat sitesiandjaveragedover the referencesystem, {(A K A 5 ) 1,

AF= C TiAqi - fC
I

‘.I

(AViAc:.)AqiAqj*

(7)

The first term correspondsto the free-energychangedue to
the differencebetweenthe initial- and final-statechargedistributions of the solute interacting with the electrostaticpotential of the referencesystem, while the secondterm contains the induction effects related to the change in the
polarization of the solventby the changein the solutecharge
distribution. This simple formula will have a number of applications to problemsinvolving chargetransfer in solution.
It provides an estimate,basedon simulations of a reference
state, of the electrostaticfree-energychangedue to the creation or redistribution of charge on the solute atoms. By
simulations of the appropriatereferencesystems,it is possible to usethe formula to estimatefree-energychangeswhich
are currently calculated using the conventional thermodynamic perturbation and integration techniquessuch as the
solvation free energiesof ions and molecules,12-18
solvent
inducedstokesshifts for optical spectra,l9 or the reorganization energy in electron transfer reactions.3.20The formula
can be relatedto the thermodynamic perturbation formulas
for Mcalculated by carrying out a number of simulationsin
“windows” corresponding to intermediate charge states
between the initial and final states.‘= The formula correspondsto a “one window” thermodynamicperturbation calculation in a simulation with a Gaussiandistribution for the
fluctuations in the electrostatic potential at the solute sites.
From this perspective,it is easyto seethat the formula could
alsobe usedin thermodynamicperturbation simulationsand
that it should provide increasedaccuracy and efficiencyfor
such calculations. For example, when the differences
betweenthe initial- and final-state charge distributions are
sufficiently large that Eq. (7) is no longer accurate, a formula for the free-energychangecorrespondingto the useof
both the initial and final statesas referencesis given by

J. Chem. Phys., Vol. 95, No. 5,l September 1991

Downloaded 18 Nov 2008 to 128.6.69.122. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp

3629

Levy, Belhadj, and Kitchen: Electrostatic energy in solution

AF = C (Y;q; - viqi)
i

- $-z

(AV;AV;)q;2q;2
1.J

+ $ z (AY;:Ab)gd*

(8)

1.J

In Eq. (8) the unprimed variablescorrespondto the initial
state, while the primed variablesare those of the final state.
Correlation functions from simulations of both the initial
and final statesare usedin the formula. The nonlinear effects
in the medium responseto a chargeperturbation at the solute sites are therefore approximated by averagingover the
different linear-responsedielectric functions at the initial
and final states.It should be noted that if Eq. (2) were really
exact, then the covariancematrix of the fluctuations in the
electrostatic potentials at the solute sites would be independent of the referencesystem.There are severalpossibleways
to incorporate higher-order moments of the distribution
which give rise to the nonlinearities.However, basedon the
results of the numerical example presentedin Sec. III, we
expect that for many problems of interest the nonlinear effects will be small.
An advantageof using the quadratic free-energyformulas over the standardthermodynamic perturbation formulas
is related to the importance of the tails of the distribution
functions for the fluctuations in the electrostaticpotential in
evaluatingthe free-energychange.The exp[ - fl( V’ - V) ]
weightsfluctuations from the meanvalue of V heavily. Since
the tails of the distribution are poorly sampled,errors in the
estimatesof the tails of the distribution contribute more to
the free-energychangecalculatedby Eq. 3 (a) sincethe tails
of the distribution enter explicitly, than by Eqs. (7) or (8).
In other words, if the multivariate distribution of fluctuations in the electrostaticpotential for a referencestate have
a Gaussian form for some range of fluctuations about the
mean, it is advantageousnumerically to replace the actual
distribution calculatedfrom a finite simulation with a Gaussian analytical form basedon the covariancematrix u calculated from the simulation. This ansarz is conceptually similar to that usedin the calculation of free-energychangesfor
macromoleculesusing simulations basedon the “quasiharmanic” approximation.*‘*** However, for the electrostatic
problem, the Gaussianform for the multivariate distribution
of fluctuations in the electrostatic potential appearsto be a
better approximation than the corresponding approximation for the configurational integrals over the macromolecular fluctuations.23.24
Of particular importance is the fact that the parameters
of the formula for the electrostatic free-energychange [ Eq.
(7) 1 dependonly on the referencestate. Equation (7) constitutes a dielectric-responsefunction for the combined solute plus solvent system.This differs from the usualconstruction of a dielectric-responsefunction which is defined in
terms of the dielectric properties of the pure solvent. On a
molecular level, the solvent dielectric function has a wavevector dependencewhich reflects the nonlocal nature of the
solvent dielectric responseon a molecular length scale.
There has beenconsiderablerecent interest in the construction of wave-vector dependent dielectric functions for li-

quids.25-28We have usedsimulations to construct the wavevector dependent dielectric function e(k) for water and
calculated free-energychangesfor ion charging based on
e(k).** Our results suggestthat the perturbation of the solvent by the solute needsto be accountedfor in the construction of dielectric-responsefunctions. The Gaussianfluctuation formula for the electrostatic free-energy change
presentedin this paper, Eq. (7)) providesa useful approach
to the analysisof the dielectric responseof a polar medium
which includesthe effectsof the soluteson the solvent structure.
The assumption that the solvent bath obeys Gaussian
fluctuation statistics has been used previously within the
context of liquid state integral equation theory to derive a
formula for the solvent polarization due to its interactions
with a solute which bears a close resemblanceto the freeenergyformula we havederived.29To make the analogy,we
supposethe chargedensity ps of a solvent bath is characterized by a Gaussian distribution functional with variance
xss(r - J) = (Sp, (r)Sp, (r’) ), the density-density correlation function for the pure solvent. We further assumethat
the solute sites i are linearly coupled to the solvent density
with strength cis(r a - r) in units of - p - ‘. Then the canonical partition function for the solute-solventsystem can
be evaluatedand the excesschemical potential in the Gaussian fluctuation approximation is given by29

ApGF
=

drc, (r’-

-$cJ

r)

drdr’cis(ri-rr)~Ss(r-r’)csi(r’-~).

bJ

(9)
The coupling parametercis can be identified with the direct

correlation function in the RISM integral equationtheory.29
As for Eq. (7), the first term of Eq. (9) correspondsto the
solute chargesinteracting with the potential field of the referencesystem-which vanishesfor a pure solvent reference
state-while the secondterm contains the induction effects.
We note that in the context of the integral equationapproach
to the solvation of polar systems,the Gaussianfluctuation
approximation has beenfound to give better solvation thermodynamicsthan alternative closureequations(e.g., the hypernettedchain approximation) .30It is instructive to make
the following identification betweenEqs. (7) and (9) :
s

dr dr’cis (r’ - r)xss (r - r’>csj (r’ - r’)
-P2(AViAVj)qiqj.

(10)

The perturbing effectsof the solute’sextendedstructure and
charge on the polarization responseof the solvent are accounted for in the integral equation theory through their
influence on the direct correlation functions. These depend
on the approximations inherent in the closure relation used
to solve the integral equation. It would be interesting to attempt to construct a theory for the solvent density fluctuations in the presenceof the solutesx (r’ - r,r’ - r’), but the
loss of the symmetry propertiesinherent in the pure solvent
makesthe problem of constructing such a responsefunction
rather complicated. Of coursex( r’ - r,r’ - r’), can always
be evaluatednumerically from a simulation, and that is what
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is done implicitly when we apply Eq. (7). In Sec. III we
provide a simple numerical application of the dielectric function formula, Eq. (7).
III. NUMERICAL EXAMPLE
We havebeeninterestedin analyzing the factors which
contribute to the apparent dielectric responsein computer
simulations of aqueoussolutions.28V31
Towards this end, we
have recently been carrying out free-energysimulations of
simple systemswhich involve charging up oneor two ions in
water, treating the long-rangeinteractions in different ways.
In this section we use one of these simulations to test the
accuracy of Eq. (7). The free-energychange obtained by
explicitly dischargingthe chargeon two ions in water is comparedwith the predicted free-energychangeusing the Gaussian fluctuation dielectric formula, Eq. (7). The model system consists of two spheres in water (341 molecules)
separatedby 10 A in a cubic box, the length of each side is
21.7A. The Lennard-Jonesparametersof the spherescorrespond to those appropriate for a chloride ion, u/2 = 2.2 A
and E = 0.118kcal/mo1.32The SPC water model is usedfor
the solvent.33 In the numerical example reported here, the
nonbondedinteractions were truncated with a sphericalcutoff at 10.85A; the results of extensivestudieswith different
truncation schemesare reported elsewhere.3”d’In our first
study, we have used the fully charged system with a -I- 1
charge on one ion and a - 1 charge on the other as the
referencestate.The averagepotential Fi and the fluctuations
in the averagepotential (A ViAVj) obtained from a 16 ps
molecular dynamics simulation of the referencestate (fixed
chargeson the ions) are listed in Table I (a). The more favorableelectrostatic potential at the anion is a manifestationof
the difference in the solvation shell structures of the two
ions; this is the basis for the need to adjust the cation and
anion crystallographic radii differently when fitting the classical Born ion solvation energyformula to experiment.3’(b’
At the large ion internuclear separation ( 10 b;) chosen in

this numerical example,the off-diagonal term of the fluctuation matrix a, _ is much smaller (ca. 5-10 %) than the
diagonal terms, although dielectric coupling between the
two sites can tiect both the diagonal and the off-diagonal
terms.
The free-energychangefor discharging the ions from
the referencestate was calculatedusing the thermodynamic
integration simulation method,“*‘*
N-l

AF=

d/z= C (WA,,)
A
i= 1

(11)

- W,)>,ti.

The initial state contains the fully charged ions in water,
while the final state contains the fully dischargedions. We
note that the differencebetweenthe initial and final states
correspondsto the transfer of an electron from the anion to
the cation. The chargeson the ions in the intermediatestates
iare given by ( 1 - 2) and ( - 1 + R ) . In the “slow growth”
approximation34to thermodynamic integration which was
used to obtain the free-energysimulation results listed in
Table I (b ) , the chargeson the ions are varied by a very small
amount at eachstepin a singlesimulation insteadof carrying
out many separatesimulations with different ionic charges
between 1 and 0. For the discharge of the two ions, the
changes in the charges on the ions were broken into
N = 16 000 stepsso that the increment in chargeper step is
Aq = 6.25x IO- 5; the chargeson the cation and anion at
step i are therefore equal to [ + 1 - (i) Aq] and
[ - 1 + (i) Aq], respectively.
In Table I(b) the free-energychangefor dischargingthe
ions calculatedfrom the thermodynamic integration simulation is comparedwith the predictions of the dielectric formula [ Eq. (7) ] using the parametersfrom the fully charged
referencesystem. The closeagreementbetweenthe two calculations over such a large variation in Aq (and very large
variation in the free energy) is remarkable. For example,
there is lessthan a 2% differencebetweenthe dielectric formula and thermodynamic integration result for Aq = 0.5,

TABLE I. (a) Fully charged reference system parameters. The reference system parameters correspond to those obtained from a simulation with two ions
with charges + 1 and - 1, separated by 10 A in a box of 341 water molecules. (b) Predicted change in the polarization energy for discharging the ions.

f
-

(AV,
(AV,
(Ah’-

A9
Thermodynamic
integration’
Dielectric
function [Eq. (7)]
“Thermodynamic

(a)
Average electrostatic potential (Fi) at the ions
[ kcal/mol (charge) ]
- 118.65
147.27

Ion
Ion

AV,
AVAV-

)
)
)

Correlation functions for fluctuations in the electrostatic potential at the ions, oil
[ kcal/mol (charge) ] *
72.48
- 6.40
106.10

0.10
24.63

0.20
46.72

0.40
82.19

24.74

46.94

81.24

(b)

0.50
95.90

0.60
106.58

0.70
114.74

0.90
123.68

1.0
125.00

93.65

102.92

109.00

111.77

108.31

integration simulation using the “slow growth” method, see the text for details.
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which for two ions separatedby 10w results in a free-energy
changeof almost 100kcal/mol. Theseresults show that the
multivariate probability distribution function for the fluctuations in the electrostatic potential at the ionic sites
p( A V, ,A VW ) is indeedcloseto Gaussianover a very large
range. In related studies, Kuharski ef ~1.~and Carter and
Hynes4 have analyzed the Gaussiannature of the distribution function for the solvent fluctuations by calculating the
distribution of fluctuations in the electrostatic potential difference betweenthe two sites. They have shown that this
function has a Gaussianform for fluctuations in the electrostatic potential difference corresponding to free energy
changesof up to -20 kcal/mol for two solvent separated
ionic sites3 and - 10 kcal/mol for a contact ion pair.4
Small deviationsfrom linear responsetheory can also be
observedin Table I(b). For example, the maximum in the
free-energysurfacepredictedby the linear-responseformula
occurs at ]Aq, ] = 0.9, which can be determinedby taking the
derivative of Eq. (7) with respect to Aq, and setting the
result to zero,
AqmaX= fi - 1, - ‘v.

(12)

However, the anharmonic free-energysurface must have a
maximum at ]Aq, j = 1, since the solvent remains polarized
for smaller changesin the charge. The deviations from the
parabolic surface constructed from the fully charged reference state parameters are only apparent at very large
changesin the free energy.
Another way to assessthe effectsof nonlinearities is to
comparethe predictions of the Gaussianfluctuation approximation free-energyformula using a different referencesystem to evaluatethe parameterswhich are usedin Eq. (7). In
Tables II (a) and II(b) we presentresults correspondingto
the useof an unchargedreferencestate. The averageelectrostatic potentials and the fluctuations in the potentials at the
solute sites were determined from a simulation of two unchargedspheresseparatedby 10 ,& with the same Lennard-

Jones parametersas used in the charged simulations. The
solute sites are labeled“ + ” and “ - “, although there is no
actual charge at the centers of the spheres.Comparing the
predicted changesin the solvent polarization, the results using the two different referencesystemsare very similar. The
predictedchangein the polarization energyfor Aq = 1 is 106
kcal/mol using the Gaussian fluctuation formula with parameters from the uncharged reference while the corresponding free-energychange predicted using the charged
state referencesystem is 108 kcal/mol. It should be noted
that for Aq < 1, the predicted free-energychangeusing the
chargedreferencestate should be different from that calculated with the same Aq for the uncharged referencestate
becausethe processescorrespondto different initial and final
states.For example,when Aq = 0.1 in Table II(b), the solvation free-energy change corresponds to the process of
charging up neutral spheresto 0.1; while when Aq = 0.1 in
Table I(b), the solvation free-energychangecorrespondsto
discharging two sphereswith initial charge 1.0 and final
charge0.9. It is also of interest to examinethe way in which
the averageelectrostatic potential and the fluctuations in the
potential at the solute sites vary with the referencesystem.
The averageelectrostatic potential from the solvent at the
neutral spheresis slightly negative ( - 11 kcal/mol) which
suggestsan ordering of the solvation shell in which the water
hydrogenspoint away from the neutral spheres.If the Gaussian approximation were exact, the fluctuation matrix of second moments in the electrostatic potential would not vary
with referencesystem.However, the fluctuations in the electrostatic potential at the solute sites are larger when a simulation of the charged referencesystem is used to evaluate
these parameters [Table I( a) ] as compared with the uncharged reference[Table II (a) 1. This nonlinearity is most
evident for the changein (A V- A V- ). There is a compensating nonlinear changein the averageelectrostaticpotential
at the negativeion which diminishes the effectsof nonlinearities on the sensitivity of the Gaussianfluctuation formula to
the choice of referencestate. In summary, the dielectric for-

TABLE II. (a) Fully uncharged reference system parameters. The reference system parameters correspond to those obtained from a simulation with two
neutral spheres, separated by 10 A in a box of 341 water molecules. (b) Predicted change in the polarization energy for charging the ions.
(a)
Average electrostatic potential (7,) at the ions
[ kcal/mol (charge ) 1
- 11.11
- 11.54

+ Ion
- Ion

(AV,
(AI’,
(AV-

Aq
Thermodynamic
integration*
Dielectric
function [Eq. (7)]

AV, )
AI’-)
AI’- )

Correlation functions for fluctuations in the electrostatic potential at the ions, uU
[kcal/mol (charge)]’
64.95
3.65
69.20

0.10
1.32

0.20
2.82

0.40
18.42

1.06

4.24

16.97

(b)

0.50
29.10

0.60
42.81

0.70
50.68

0.90
100.40

1.0
125.00

26.52

38.18

52.00

85.92

106.07

‘Thermodynamic
integration
simulation
usingthe“slowgrowth”method,
seethetextfor details.
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mula, Eq. (7)) works remarkably well for this model problem when either the charged or unchargedsolute plus solvent statesare chosenas the referencesystem.
We can compare the results in Tables I and II to the
continuum solvent formula for the free-energychangedue to
charging up two ions in water. The Born formula for the
polarization energyis

The first two terms account for the polarization of the solvent by the ions at infinite separation,while the third term
accountsfor the changein the solvent polarization due to the
finite separationof the ions. The dischargedstateis the reference system. Using the Lennard-Jonesradii of the ions
a/2 = 2.2 A, and the dielectric constant of the SPC water
mode13’(*)E = 70, the Born formula predicts a free-energy
differencebetweenthe fully charged and fully discharged
ions of u = 117kcal/mol. The continuum result is midway
betweenthe molecular dielectric prediction ( 107kcal/mol)
and the anharmonic free-energydifference ( 125 kcal/mol)
calculatedexplicitly by a thermodynamic integration simulation. We note that the solvent polarization energy in the
continuum model is very insensitiveto variations in the macrocscopicdielectric constant since it enters in the formula
as ( 1 - l/e). It is of interest to ask if it is possibleto calculate the dielectric constant as a differencebetweenthe solvent polarization energydue to chargingup two ions at r and
the sum of the polarization energiesof the isolatedions. For
high dielectric liquids, the differencebetweenthe polarization energiesmust almost exactly cancelthe direct Coulomb
interaction between the ions at r. We find that the direct
calculationof the dielectric constantby this method is unstable asthe differencebetweenthe two free-energysimulations
is very sensitiveto the boundary conditions usedto treat the
long-rangeinteractions.31(d)In any case,it is very clear from
the presentnumerical examplethat for simulations of ions in
water, the polarization energy of the water respondsto a
chargeperturbation as a linear dielectric.
IV. CONCLUSIONS

We have usedlinear-responsetheory to derive a microscopic formula for the free-energychangeof a system composedof one or more solutes plus solvent respondingto a
changein the chargedistribution on the solutes.The formula
expressesthe changein the solvent polarization energyas a
quadratic function of the changesin the partial chargesat
the atomic centersof the solute atoms. The averageelectrostatic potential at the sites of the solute chargesand the second moment of the fluctuations at thesesitesenter as parameters in the formula. Theseparameterscan be obtained by
simulations of a referencesystem with fixed solute charges.
The formula provides a microscopic definition of the dielectric-responsefunction for the referencesystem which consists of the combined solute plus solvent. Thus, the formula
implicitly includes the perturbing effect of the soluteson the
solvent structure and dielectric response.In a simple numerical example, it was demonstratedthat the microscopic

dielectric formula provides a remarkably accurateestimate
of the free-energychangeaccompanyingthe charging of two
ions in water calculatedby thermodynamic integration freeenergysimulations. We expect that the formula will have a
number of useful applications. By simulation of a single referencesystem,it is possibleto accurately estimatethe effects
of redistributing the chargeson the solute atoms in different
ways. For example, we have used the formula to calculate
the adiabaticfree-energychangeaccompanyingthe simulated excitation of a chromophore in solvent (indole in water) .35The predicted solvent polarization changesagreeto
within a few percent with the results of explicit free-energy
simulations of this process.As another application, we suggest that the use of the microscopic dielectric formula will
simplify the task of analyzing the sensitivity of molecular
models usedin condensedphasesimulations to the parameterization of the partial chargeson the solute sites.The variation in the solvation energywith changesin the electrostatic
model can be estimatedusinga molecular dielectric function
constructedfrom the simulation of a single referencesystem.
Work along theselines is in progress.
ACKNOWLEDGMENTS

This work has beensupported in part by the National
Institutes of Health, Grant No. GM-30580 and by a grant of
time at the Pittsburgh SupercomputerCenter. We thank David Chandler, Francisco Figueirido, and Fumio Hirata for
helpful discussions,and CaseyHynes and Branka Ladanyi
for providing us with preprints of their work.

‘J. Ulstrup, Charge Transfer Processesin Condensed Media (Springer,
New York, 1979).
*R. A. Marcus and N. Sutin, Biochem. Biophys. Acta 811,265 (1985).
‘R. A. Kuharski, J. S. Bader, D. Chandler, Mr. Sprik, and M. L. Klein, J.
Chem. Phys. 89,324s ( 1988); J. S. Bader and D. Chandler, Chem. Phys.
Lat. 157,501 (1989).
‘E. A. Carter and J. T. Hynes, J. Phys. Chem. 93, 2184 (1989); E. A.
Carter and J. T. Hynes, J. Chem. Phys. (to be published).
‘M. Maroncelli and G. R. Fleming, J. Chem. Phys. 86,622l (1987).
60. Karim, A. D. J. Havmet, M. J. Banet. and J. D. Simon. J. Phvs.
I Chem.
92,339l (1988).
‘M. Maroncelli, J. Chem. Phys. 94,2084 ( 1991).
*M. Belhadj, D. B. Kitchen, K. Krogh-Jespetsen, and R. M. Levy, J. Phys.
Chem. 95, 1082 (1991).
9T. Fonseca and B. Ladanyi, J. Phys. Chem. (to be published).
‘OH. Alper and R. M. Levy, J. Phys. Chem. 94.8401 (1990).
‘* R. Zwanzig, J. Chem. Phys. 22, 1420 (1954).
‘*D. L. Beveridge and F. M. DiCapua, Ann. Rev. Biophys. Biophys. Chem.
18,431 (1989).
I3 W. L. Jorgensen, Act. Chem. Res. 22, 184 ( 1989).
I4 U . C . Singh, F. K. Brown, P. A. Bash, and P. A. Kollman, J. Am. Chem.
Sot. 109, 1891 (1987).
“J. A. McCammon, Curr. Opin. Struct. Biol. 1, 1 ( 199 1); T. P. Lybrand, J.
A. McCammon, and G. Wipff, Proc. Natl. Acad. Sci. 83,833 (1986).
16K Kuczera, J. Gao, B. Tidor, and M. Karplus, Proc. Natl. Acad. Sci. 87,
8481 (1990).
“A. Jean-Charles, A. Nicholls, K. Sharp, B. Honig, A. Tempczyk, R. Hawley, and W. C. Still, J. Am. Chem. Sot. 113, 1454 (1991).
‘*S. Huston and P. J. Rossky, J. Phys. Chem. 93,7888 ( 1989).
I9 R. M. Levy, D. B. Kitchen, J. T. Blair, and K. Krogh-Jespersen, J. Chem.
Phys. 94,447O ( 1990); J. T. Blair, K. Krogh-Jespersen, and R. M. Levy,
J. Ann. Chem. Sot. 111,6948 (1989).
“A. Warshel, Z. T. Chu, and W. W. Parson, Science 246, 112 ( 1989).
2’J. Kushick and M. Karplus, Macromolecules 14, 325 (1981).

J. Chem. Phys., Vol. 95, No. 5.1 September 1991

Downloaded 18 Nov 2008 to 128.6.69.122. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp

Levy, Belhadj, and Kitchen: Electrostatic energy in solution
** R. M. Levy, M. Karplus, J. Kushick, and D. Perahia, Macromolecules
17, 1370 (1984); R. M. Levy, 0. Rojas, and R. A. Friesner, J. Phys.
Chem. 88,4233 (1981).
“0. Rojas, R. M. Levy, and A. Szabo, J. Chem. Phys. 85, 1037 (1986).
“hi. Karplus, T. Ichiye, and B. M. Pettitt, Biophys. J. 52, 1083 (1987).
‘“D. Wei and G. N. Patey, J. Chem. Phys. 93, 1399 (1990).
“‘T. Fonseca and B. Ladanyi, J. Chem. Phys. 93,8148 ( 1990).
“A. Chandra and B. Bagchi, J. Chem. Phys. 91,3056 (1989).
“R. M. Levy, H. Alper, M. Belhadj, and F. Hirata (unpublished).
“D. Chandler, Y. Singh, and D. M. Richardson, J. Chem. Phys. 81, 1975
(1984).
r”H. Yu, B. Pettitt, and M. Karplus, J. Am. Chem. Sot. 113,2425 (1991).
3’(a) H. E. Alper and R. M. Levy, J. Chem. Phys. 91,1242 (1989); (b) F.

3633

Hirata, P. Redfem, and R. M. Levy, Int. J. Quantum Chem. 15, 179
(1988); (c) M. Belhadj, H. A. Alper, and R. M. Levy, Chem. Phys. Lett.
179, 13 (1991); (d) H. E. Alper, M. Belhadj, and R. M. Levy, J. Phys.
Chem. (to be published).
“2W. L. Jorgensen, J. F. Blake, and J. K. Buckner, Chem. Phys. 129, 193
(1989).
33H. J. C. Berendsen, J. P. M. Postma, W. F. van Gunsteren, and J. Hermans, in Zntermolecuhr Forces, edited by B. Pullman (Reidel, Dordrecht, Holland, 1981), p. 331.
“T. P. Straatsma, H. J. C. Berendsen, and J. P. M. Postma, J. Chem. Phys.
85,672O (1986).
35R. M. Levy, J. D. Westbrook, D. B. Kitchen, and K. Kroghilespersen, J.
Phys. Chem. (to be published).

Chem. Phys., Vol.
95, No.to5,1
Downloaded 18 Nov 2008 to 128.6.69.122.J.Redistribution
subject
AIPSeptember
license or1991
copyright; see http://jcp.aip.org/jcp/copyright.jsp

