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We describe atomistic simulations of the free energy and entropy of hydration of ions in aqueous
solution at 25 °C using a simple point charge mo@&PC/B for water and charged spherical
Lennard-Jones solutes. We use a novel method with an extended Lagrangian or Hamiltonian in
which the charge and the size of the ions are considered as dynamical variables. This enables us to
determine thermodynamic properties as continuous functions of solute size and charge and to move
smoothly from hydrophilic to hydrophobic solvation conditions. On passing between these
extremes, the entropy of solvation goes through maxima. For example it shows a double maximum
as a function of charge at constant size and a single maximum as a function of size at constant
(non-zerg charge. These maxima correspond to extremes of structure-breaking and are associated
with the disappearance of the second solvation shell in the radial distribution function; no anomalies
are seen in the first shell. We also present direct evidence of the asymmetry in the free energy,
enthalpy and entropy of hydration of ions on charge inversion arising from the asymmetry in the
charge distribution in a water molecule. Our calculation only includes local contributions to the
thermodynamic functions, but once finite size corrections are applied, the results are in reasonable
agreement with experiment. @997 American Institute of Physid$S0021-960607)50730-4

I. INTRODUCTION hydration of ions on charge inversion which arises from the
asymmetry in the charge distribution in a water molecfile.

Water is thg most ublqwtous.solvz.a”t on earth. Itis an " 14 | 5e of simulation to study solvation in aqueous so-
unusual liquid with a remarkably high dielectric constant andIutions is well established. For example Impetyal! stud-
a low coordination number. At the molecular level many of, ' '

. : ; o ied the structure and dynamics of ions in water in 1983 while
its properties may be ascribed to the distribution of chargu?_jangaliet al12 studied methane in water in 1979. The im-
within the molecule which results in it being able to form ; \

ortance of the role of entropy in hydrophobic solvation has
four hydrogen bonds, two donated and two accepted. Thgeen re-emphasized recentl)?)t/)y Ha);???p"while the use of
fact that the molecule is polar favours the solvation of '

charged and polar species while the fact that the charge di%ije concepts of.structure-_breakmg anq struc_ture-makmg o
tribution is more complex with higher multipole moments explain the varying entropies of solvation of ions was pro-

tends to favor the formation of a hydrogen-bonded networl«posed by Frank® and is discussed in some detail by

17 it ;
which is the source of many of the unique properties of iceGurney. The elucidation of free energy differences due to

and liquid water—6 changes in intermolecular interactions is an important prob-
This paper is part of a detailed study of the thermody-lem in solution chemistry which can be studied by computer

namics, structure and mobility of simple solutes in a modeffimulation using a number of methdfisuch as the slow

of water using atomistic simulation. Our aim is to use thedrowth method and thermodynamic perturbation theory. In
freedom available in simulations to vary parameters indeperf’€se methods one follows the alchemic transformation or
dently to make a thorough study of the effects of solute siz&/0W growth of molecules in a computer simulation to pro-
and charge on these properties. We hope to gain insight intgde the free energy differences directly. The total free en-
the relationship between hydrophilic and hydrophobicerdy change in the transformation from state A to B is ob-
solvation*® the differences of mobility of positively and tained as the sum over smaller changes between adjacent
negatively charged ions and to attempt to explain at a mostates. This requires a large number of separate equilibrium
lecular level why small ions move more slowly than fastersimulations corresponding to several intermediate states and
ones’~® This paper will concentrate on the thermodynamicsmany technical modifications to improve the accuracy and
of solvation. In particular we describe a new application ofefficiency are described in the literatdfe* The calcula-

the extended Lagrangian technique which gives the variatiotions are simple though tedious and have provided the free
of free energy and entropy of solvation as functions of sol-energies of ligand bindintf~2* and solvation of ion&>~

vent size and charge, allowing us to move from hydrophilicnon-polar solutés—*>and amino acid$®

to hydrophobic solvation in a continuous way. This enables  The novel aspect of the work described in this paper is
us to follow the asymmetry in the free energy and entropy othat we have measured the entropy, free energy and energy
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of solvation as a continuous function of solute charge andExperimentally for water at 298 ® ¢=78.358 and
size, enabling us to span the hydrophobic and hydrophilidine/dT=—1.3679 K ! giving Ag,,=—6863%/rkJ mol ?
solvation regimes. The method we use has an extended syandS,,, /k=—4.99%/r, whereq is the charge in units of the
tem dynamics in which the free energy changes are calciproton charge and s the radius in A. In this model both the
lated on the fly and which allows us to determine entropyentropy and the energy vary gé/r, and positive and nega-
changes as well. It is a more efficient procedure for our purtive ions behave in the same way.

poses, which are to study free energy and entropy differences In practice, we perform simulations using periodic
accompanying variations in the charges and sizes of ions arlibundary conditions with periodically repeated images, so
their correlation with their transport properties. We calculatethat we must consider the additional process of forming the
the effects due to the molecular nature of the solvent whichattice from the charged ions. In the vacuum the work done
are local to the ion(say in the first two solvation shells to form such a Wigner latti¢&? is given by

Some sort of finite size correction must then be applied to -

account for the effects of longer range interactions, but these A= {g’e (2.6)

can be described by a simpler model. The most interesting

| - ’

a 8’7760'.
results relate to the variation of entropy of solvation where h . tant wh lue d d the latti d
the long range effects are small. where( is a constant whose value depends on the lattice an

L is the separation between an ion and its nearest image. For
a simple cubic latticer= —2.837 297%! while for an fcc

Il. MEASURING THE FREE ENERGY OF SOLVATION lattice such as we use in this wotks — 3.2420%2 When the
same process is performed in a medium with dielectric con-
stant, the work done is reduced by a factoreofThus the

In order to understand exactly what we measure in theneasured solvation energy in a periodic lattice with a dielec-
simulation let us first consider the Born motdel’*°for  tric medium is

solvation of a charged sphere radiug a uniform medium -
with dielectric constant. The work done in charging the A __4ue (1—e Y(r1=¢/L) @27
sphere in vacuum is the free enerdy,. of an isolated sob.lat™ o ' '
. . 0
charged sphere and is given by

A. Free energy measurements

As the lattice size is increased the term{if. goes to zero
q%e? and the desired result for infinite dilution recovered. We
(2. shall use this expression to correct our results for finite size
effects assuming that our system is large enough that the

whereq is the charge of the ion in units of the proton charge|ong range corrections can be described by a uniform dielec-
e, € is the permittivity of free space andis the radius of  tric constant. Hummeet al?” have shown that applying this
the ion. As there is no change of entropy associated with thiging of correction brings results from many different system
process, this is equal to the enerdy,.., which is conven-  gjzes into good agreement, even for cubic systems with only
tionally described as being stored in the field. The work done3s or 64 molecules. It seems that they did not include the
in charging a sphere of the same size in a medium is reducegng|| term in the inverse of the dielectric constant which is
by the inverse of the dielectric constant, which gives the frefhegligible in agueous systems.
energy of a charged sphere in a medium as We used the technique to be described in the next sec-
tion to measure the variation of the Helmholtz free energy,
Ape=——. (2.2 A, with solute charge and size of an ion in a molecular model

8meqer of water. The question is whether we are measuring the sol-

The solvation free energy is associated with the polarisatioMation €nergyAs,, or the free energy associated with charg-
of the dielectric and is the difference of these quantities, N9 @ sphere in a mediumy,q. Although we do charge the
solutes in the medium, we do not include any self energy in

the Hamiltonian so that if the method were to be applied in
the absence of a solvent no change in free energy would be
recorded. Thus we are measuring change®\gf, ;. the
Thus in the Born model the solvation free energy is negativgree energy associated with the interaction of the solute with
and increases quadratically with the charge and decreases @@ medium. The corresponding internal energy can be mea-
the inverse of the radius. It can be divided into energetic andyred directly as a function of charge and size. It is made of
entropic terms by taking the derivative with respect to tem+yg parts, the direct solute—water interaction enetdyyy,

Avac= )
87T€or

q2e2

Asoly =Amed™ Avac= — (1_571)- (2.3

perature, giving and changes in the water—water interaction enekgjy,y.
q2e? de These were measured separately. However the combination
Seoly=— —< 62—>, (2.4  of periodic boundary conditions and the Ewald summation
8meor dT means that the water molecules “feel” the ion and all its

25 q images; we need to choose the box to be large enough that
_ae (1_ E—1+TE—2_6)_ (2.5  the water molecules in the first two solvation shells interact
8mregr dT considerably more strongly with the nearest ion than with its

Usow =
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images and then apply a correction for the longer range efwith values betweem, andro+dr and the new variables
fects. If too large a system is chosen computation becomegith values betweeny, o, andqy+dq,oq+do is given by
less efficient and the determination of changes in the poten-

tial energy of the water—water interactions less accurate. IP(fo:do,00)drdqdo

too sm_aII a box is chosen the phenomena which are associ- _7-1 exd — V(ro,do,00)/kT]drdqdo, (2.10
ated with the molecular structure of the solvent will be per-
turbed. where we have integrated over all the momefral and

fictitious) and defined the configurational integi@lin the
extended system by

B. An extended Lagrangian method for measuring
relative free energies and entropies as a Z= exd —V(ro,do,00)/kT]drdqdo.  (2.13)

function of ion charge and size
. If we now integrate over the positioriaote that in our
In order to measure the changes'ap,, with charge and  \qationr denotes the 3N-dimensional vector of all posi-

solute size we use a mathematical trick to relate the frégong e obtain an expression for the probability of finding
energy of a system with a specified charge and size to proly,o system with a specific charge and size
abilities in an artificial system in which the charge and size

are treated as dynamical variables. The use of extended syBtdo,0o)dqdo

tems with artificial dynamical variables with fictitious

masses is well established in molecular dynarfii¢4.8Ex- :zl[ f exd —V(ro,do,00)/kT]dr tdqdo. (212
amples include the Nostermostdt® and the Car-Parrinello

ab initio method® This application differs from previous However, if we had a canonical ensemble of real systems
ones in the information we seek to extract from the extendegyith q=q,,0= o the statistical mechanical expression for
system. We do not look for averages of quantities such as thge Helmholtz free energy would be

energy or the pair correlation function in the extended sys-

tem — indeed these have no physical meaning in the real exp[—A/kT]=J ext] — V(r,0o,00)/kT]dr 213
world. What we do is to consider the charge and solute size 05020 ’

as order parameters in the extended system and construct tigich is just the integral in the curly brackets in the preced-

Lar_ldau free energy in this system as a function of _thesghg equation for the probability of finding the valugs, oq
variables. We can show that the Landau free energy in thg o extended system. Thus in the extended system
extended system is identical to the Helmholtz free energy of

real systems in which the charge and solute size are fixed.  P(do,00)dqdo=2"1 exd —A(qo,00)/kT]dqdo

The Hamiltonian in the extended system is equal to the (2.19
Hamiltonian for the real system augmented by kinetic energy,,
terms for the solute chargg and sizeos

L . A(Qgg,o0) = —kTInp(qq,0p) + constant (2.15
H=V(q,0.{r})+ T+ —pi+—p2, (2.8)  This shows that the Landau free energyqy,o,) in the
2mg 2m, extended system is equal to the actual free energy of a real

wherep, andp, are momenta associated with the new vari-system with the corresponding values of the variables, and
ablesq and o and my andm, are the associated fictitious gives us a way to calculate it.

masses¥Y and T are the potential and kinetic energies re- In order to construct the free energy surfai@, o) we
spectively. The equations of motion that one derives fronneed to have a series of configurations which are representa-
this Hamiltonian are the standard equations of motion for thdive of a canonical ensemble of the extended system. This
positions and velocities augmented by could be done with a Monte Carlo simulation, but we used
molecular dynamics. In a molecular dynamics simulation the

. : . AY . . :
a=pq/my, o=p,/m,, pq:Fq:_a_’ momentum variables exghange energy with the configura-
q (2.9 tional variables, so that if one applies a thermostat to the
_ Py, momenta the configurations generated by the equations of
P=Fs= motion should be representative of a canonical ensemble.

Ia The relative probabilities of different charges and sizes are

The fictitious forces acting on the charge and size variablethen found by constructing histograms. Experience in similar
depend on the form of the potential energy of interactionwork?**8has shown that the noise can be reduced by using a
between the solute and the water. It is often convenient tbiasing potentialUy;,s, which depends only on the order

add a biasing potentia¥y,;,o(q) or Vypias(o) to the Hamil-  parameterdin this caseq and o) and which restricts the
tonian which gives additional terms in the forces on the ex+ange of values of the order parameters sampled in any one
tended variables. run. Samples from different windows are joined to construct

In the canonical ensemble of the extended system ththe overall Landau free energy function. It can easily be
probability of finding the configuration variables={r;} shown that if there is a biasing potentibl,;,s, present
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TABLE |. Potential parameters used for ion—water interaction. B. Simulation conditions
lon elkd mol ! oA The program was adapted from DLPOEYIn part of
N 05216 2876 the work the equations of motion were integrated with a time
K+ 0.5216 3.950 step of 1 fs using quaternions to describe the orientations of
Cs" 0.5216 3.526 the water molecules. We then realised that, as equilibrium
cr- 0.5216 3.785 properties are independent of mass, one may replace the pro-
IBf_ g'ggig i-fgg tons by particles of mass 8 anfor any other mass this

allowed us to increase the time step to 2.5 fs. The solute
mass was set equal to 23 amu for all runs. The system size
was chosen to be large enough to contain the first two sol-
vation shells around the solute, with half the separation be-
tween a solute and its nearest image equal to 6.9514 A. The
repeated unit was arranged in an fcc lattice, giving a trun-
cated dodecahedral simulation cell. These periodic bound-
aries give the maximum separation of images for a given
A. Potentials volume, and our cell contains only 64 molecules, which al-

The water potential used was the revised SPC/E moddPwed us to perform many long runs to get good statistics for
of Berendseret al*” which has partial charges on the pro- energies and populations.
tons and the oxygen nucleus and a Lennard-Jones site on the Long range electrostatics were evaluated with an Ewald
latter. The molecule is rigid. The solutes are modelled agum with a convergence parameter of 0.53'A and 8k
charged or uncharged Lennard-Jones spheres, and, as ther&gstors in each direction. A cutoff of 6 A was used for
only one solute molecule in the simulation cell, only the evaluation of the Lennard-Jones and real space electrostatic
potential for the interaction of the solute with water isterms. As the system contains a net charge, the true electro-
needed. This is described by three parameters, the charge agi@tic energy would be infinite due to the repulsion between
the values of the Lennard-Jones parametess, oso.  charges and their images. There is, however, no force on the
We chose a constant value fegy, namely eso=0.5216 charge due to its own images so the way in which these
kJ mol~* which is equal to the value given by D&fidor the ~ terms are treated makes no difference to the structure or dy-
ions Na', K*, Cs", CI", Br and I', and used in our namics of the confidurational variables. In this work we
previous work’*° Table | gives values for the.so param-  omitted all interactions between the charge of the solute par-
eters for these ions and for the water potential. Using theicle and its images. The effect on the equations of motion of
Lorentz—Berthelot combining rules the value®f, can be the charge is equivalent to adding a quadratic biasing poten-
related to the diameter of the solutg g by tial. However, as we are interested in the free energy stored

Tee=2050—3.169 A. 3.1) in the medium _surrounding a single ion, such terms should

properly be omitted, although they must be considered be-

In the simulationsoso was used as the variable describing fore making contact with experimeftt.
the solute size, but the results are presented in this paper as a Although we have described the method in general terms

A(dg,00) = —KTINpyias(do,09) — Upiast COnstant
(2.19

Ill. TECHNICAL DETAILS

function of the solute diametes;ss. with both charge and size varying, it is more convenient in
With this potential the forces acting on the fictitious practice to allow one or other of these variables to vary,
variables are given by taking constanty and constantr cuts across the surface
oV o iy A(g,0). The values used for these investigations were
Fq=—(9—=— . -2 :—Uggluv'/q, g=—1, 0 and 1 for the cuts at constagt and oso/A
a I Amegls; 1 Amegls; =2.876, 3.526, 4.168 which correspond to the sizes of

(3.2 Na*, Cs" and I" for the cuts at constant size. The positions
of these cuts in¢,q) parameter space are shown in Fig. 1.
In most of the simulations the values for the fictitious masses
were chosen to ben,=2000 kJ mol ! ps electron? and
m,=5x10*kJ mol ! ps A2.
In these expressions the sums ovare over all oxygen sites In the runs in which charge was varied, windows of
and those ovej are over proton sites. The fictitious force on 0.4e were used with run lengths of at least 250 000 steps
the charge is just minus the ratio of the coulomb part of theand more generally 400 000 steps. In the runs where size was
solvation energy to the instantaneous chafghich is the varied, windows of 0.5 A were used and runs were of similar
electrostatic potential at the ion due to the solyeand can length. Each window was divided into 100 bins for the con-
conveniently be calculated with the electrostatic energies anstruction of histograms. The runs at constant size and charge
forces, while the fictitious force on the size is related to partused for finding radial distribution functions were 100 000
of the Lennard-Jones contribution to the virial and is calcu-steps or longer.
lated at the same time as the Lennard-Jones forces and ener- For each window of values of the charge or size a his-
gies. togram was constructed of the number of times the values of

12 6
AY 463 Jso Jso
Fo,= 5——2 O[12(—) —6(— :

i oso Isi I'si
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FIG. 1. Diagram showing theg(o) parameter space. The three vertical and -100 E_ _E
three horizontal lines show the paths followed in the six numerical experi- F 3
ments. o200 F ]
=] o E
é 300 F E
the relevant parameter was in a certain range. At the same< 400 3 3
time values of the solvent—water potential energy, the < F E
water—water potential energy, the system kinetic energy, and ~ -500 =
the forceF, or F, on the order parameter were accumulated g 3
4 4 ) -600 £ =
for each bin of values of the charger size. At the end of - ]
the run these were converted into averages to give  -700 Bobafes b b e b
2 2.5 3 35 4 4.5 5

U(q,o), etc. The free energy within the window was found

from Eq.(2.14). Finally the complete free energy curve was

constructed by joining the results from runs with different FIG. 2. The variation of solvation free energyq, o) with charge(above

windows2%18 There are several checks on this process. Firs@nd‘size(belovg. In the upper part o_f_the di_agrar_n the curves belong to the

it is essential that the canonical phase space is properlfisry Secser e edne famies wih demeters 2676, 525 e

sampled, i.e. that the system has equilibrated. A good check-0,+1 and—1.

on this is that the kinetic energy does not vary withand

that the average kinetic energy of the charge or size variable

is equal tokT/2. A further check on the equilibration and the total ~ correction gave Agq,(€50=0.52160=1,=0)

construction of the free energy curve is to compare the free= — 0.25 kJ mof X, Within the errors of determining the en-

energy obtained by integrating the forEg(q) with the one  ergy, this is purely entropic and the total correction is less

obtained from the histograms. These were found to agrethan the uncertainly iA andS.

well. A final test for consistency is to combine the results  OnceA(q,o) is known,S(q,o) can be calculated from

from constantg and constant size runs, where four param- _ _

eters must be chosen to fix the nine crossing points of the S(a,0)/k=[U(q,0) ~A(q,0) /KT. (3.4

constant size and constant charge cuts as consistently as pd$e entropy curves are quite noisy and checks for consis-

sible. The discrepancies were of the ordero8 kJmol't  tency in this quantity were less satisfactory. The main source

or better. of noise was found to be in the water—water potential energy
These methods give relative values of the free energyvhere one is measuring small changes in a comparitively

and entropy. These were converted to absolute values il&rge quantity. A considerable reduction of the noise, espe-

three stages. First the size-variationfofor uncharged sol-  cially for small charges, was obtained by fitting the water—

utes was extended to a smaller and unphysical valuwater potential energy with a polynomial function and using

oso=1 A. Then the value of the Lennard-Jones parametethis in the construction of the entropy curves.

€so Was reduced in steps tego=0.1 kJmol'! and the

changes inA determined by thermodynamic perturbation |v. RESULTS

theory. Finally the main program was run with this value of

eso for o varying between 1 A and 0.1 A. The upper bound

of the entropy for a 0.1 A solute can be calculated assuming  Figure 2 shows the variation of the local free energy of

the free volume to b& —47wNa/3. This is negligible. The solvationA(q,o) with charge(above and with size(below).

diameter / A

A. Free energy and entropy

J. Chem. Phys., Vol. 107, No. 6, 8 August 1997

Downloaded 05 Jun 2004 to 130.111.234.181. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



1986

R. M. Lynden-Bell and J. C. Rasaiah: From hydrophobic to hydrophilic behaviour

0 1 T -1000 20 ]
- ] - I+2 ]
i Usw ] [ 2 ]
-500 - - -1500 10 | ]
= C / ] = - .
_% L ] P ok Cs+10 4
; -1000 N / 7 -2000 z » . ]
2z C | _2_ 2 i ]
-1500 \Q - -2500 -10 7
L \UWW é L ]
-2000 [ L el L L1 -3000 -20 __ Na _.
-2 -1 0 1 2 3 [ ]
q/e _30-IIILIlll |||||||||-
-2 -1 0 1 2 3
qle
0r e 1000
: //_/‘ ]
'500-‘/ / --1500(: S LN L o i | o e e
5 [ / ] : 0t
g - | : 3 ;*\ (q=0)
2 -1000 / - -2000 & -8 B
s B ] g :
Dm : : = -16 -
-1500 | “~ — 2500 24 n
i W%‘;‘:‘:_. L f o
3 N 1 wn 32 - _ 1 1
2000 L L b e e b b s a0 13000 N (Q—+)‘
2 2.5 3 35 4 435 5 40 F
diameter / A 0 [
48 | =
FIG. 3. The variation of solvation enerdy(q,o) with charge(above and C q=-1)-25
size(below). In each part of the figure the upper set of three curves show the 56 w
potential energy of the direct solute—water interaction and refer to the left L L LI L e L 1 d
hand ordinate, while the lower sets of curves show the total water—water 1.5 2 25 3 3.5 4 4.5 5
interaction energy and refer to the right hand ordinate. The energy scales are diameter / A

the same, but the origins are shifted relative to each other. In the upper

figure the steepest curves belong to the sodium family, the middle ones tBIG. 4. Variation of solvation entropy with chargebove and sizebelow).
the caesium family and the outer ones to the iodine family. In the lower parfNote that the curves are displaced by the amounts shown for clarity.
of the figure the curves belong @=0 (flattes}, +1 and —1 (steepest

respectively.

water—water interaction enerdyy. We see that the varia-
In each graph the relative positions of the curves are fixedions in these two quantities oppose each other; as the charge
from the other set of runs as described above. As describdédcreases from zero the direct interaction becomes more
in Section Il A in a continuum model this should be propor- negative but the water—water energy increases. In the figures
tional to the square of the charge and proportional to thehe energy scales for these two quantities are shifted, but
inverse of the solute diameter minus a consfaae Eq. 2.¥  cover the same range, so that it is apparent that the change in
While this describes the overall trends approximately, therghe direct solute—water interaction is about twice as great as
are important discrepancies which we can attribute to the fadhe change in the water—water interaction. The net effect is a
that the solvent is molecular in nature. Firstly there is astabilisation of solvation as the magnitude of the charge in-
marked difference between positive and negative chargedreases. Once again there is an asymmetry between positive
solutes of the same size. This can be seen most clearly in tlend negative charges. The variation of potential energy with
lower figure where, for a given size, it can be seen that negasolute size for uncharged solutes is too small to see on the
tive ions have almost twice the solvation free energy as posiscale of these figures.
tive ions of the same size. The maximum in the free energy = The entropy was determined from the curves Aoand
curves as a function of charge lies at small positive values o) by subtraction and then by setting the entropy of an un-
q rather than atj=0. These observations show that the mo-charged solute with size=0.1 A equal to zergsee discus-
lecular structure of the solvent is important, and that watesion in the previous sectignThe results are shown in Fig. 4
does not behave as a simple dipolar solvent. There is alsoia units of Boltzmann’s constamkt These curves seem much
small change of free energy with size for unchar@legdro-  noisier than the ones for the energies and free energies. This
phobig solutes, which we find is mainly entropic. is in part because the main contribution to the free energy is

Figure 3 shows the two contributions to the potentialfrom the energy, and variations in ST are comparitively

energy, the direct solute—water energy, and the total small. Fluctuations of-4 in the entropy expressed in units
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of Boltzmann’s constant correspond to fluctuationstaf0

kJ mol ! in the difference A—U) of the energies shown in
Figs. 2 and 3, and the whole range of entropy variation in
Fig. 4 corresponds to about 50 kJ mblin ST.

Considering first the variation with chargéupper
curves, we see in every case a double maximum structure
with a central minimum for small positive charges. These
curves show in one sweep the whole range of behaviour from
hydrophobicity to hydrophilicity. The minimum corresponds
to a comparitively ordered arrangement of the water structure
around a neutral solute or slightly positively charged solute 1
which we shall refer to as hydrophobic ordering. As the mag-
nitude of the charge is gradually increased, the hydrophobic 8
order is disrupted and the entropy increag@though in ev-
ery case the entropy of solvation is still negajivehis effect 4
is known as structure-breaking and the result of disruption of a(r)
the hydrogen-bonded network which also causes the increase
in the water—water potential energy seen in Fig. 3. As the
charge is increased still further the molecules in the solvation
shells become ordered due to the field of the solute, and 2
eventually this decrease of entropy is greater than the in-
crease in entropy that due to structure-breakimgje that the 1

T T LIRS B N S B L o B B B B B S

N W A~ 000 N

M | IR NNET

TTT7T
1)

: . . - : I gy i

water—water potential energy continues to increasel the . jf 1

total entropy decreases. This we shall term hydrophilic or- 0 TN AT T T

dering. _ _ 1 2 3 4, 5 6 7
In the lower part of Fig. 4 we see that the hydrophobic r/A

order around uncharged solutes increases with solute size.
The size dependence for ions with charge of béthand—1 g, 5. piot of radial distribution functions for the solute—oxygen distribu-
increases for small sizes, reaches a maximum and then dgoen for the sodium family. The upper set of three curves are for examples
creases. There is a difference between positive and negatiéh low entropy due to hydrophilic ordeq —1,+1 and—0.5 - dashed
ions, with the latter reaching a maximum at Iarger Sizeslln(i);the middle set belong to values of the charge near the entrop)_/ maxima
. -~ (g=—0.3 - dashed+0.5 and the lower curves correspond to regions of
These maxima correspond to the crossover from hydrophilig,, entropy due to hydrophobic ordeq€0, q=+0.2 - dasher
order (in the small iong to hydrophobic ordefin the large
ions).
mately four water molecules; the remaining species have less
well defined first shells with higher coordination numbers.
It is the second shell which shows differences between
In order to understand the variation in thermodynamichigh and low solvation entropy. The two examples with
functions, and in particular the variation in entropy as a func-maximum solvation entropiesg& +0.5 andg=—0.3) in
tion of solute charge, we examined radial distribution func-the central graphs have no visible second shefj(in). The
tions as a function of distance from the solute for a numbehydrophobic solutesq= 0.0 andq= +0.2) have a quite well
of solutes in the sodium family, that is atoms with the samedeveloped second shell at about 6.2 A, which disappears as
size as Na but with different fixed charges. Figure 5 shows the magnitude of the charge is increased and eventually is
the radial distribution functiongyso(r) for the solute— replaced by a second shell around 4.3 A in the top graphs.
oxygen internuclear distance. The values for q qrex1  Thus the structure-breaking effect which is evident in the
and gq=—0.5 (top graphy g=+0.5 and —0.3 (middle  solvation entropy seems to be associated with the second
graphg andq=0,+ 0.2 (bottom graphs The examples in the solvation shell rather than the first shell. Further evidence for
bottom graphs are near taqj€ +0) or at (q=+0.2) the this statement is shown by a similar lack of a second solva-
minimum entropy of solvation and the examples in middletion shell in the radial distribution function for C&5, an-
graphs are both close to maxima in the solvation entropy. other species near a maximum in the solvation entropy
Focusing our attention on the first peak in the radialcurves(the graphs are not shown here, but our observations
distribution function, we see that &g| increases this peak confirm those for Cs%° in Ref. 27.
sharpens and moves towards the solute. We do not see any Figure 6 shows the electrostatic potential of the solvent
anomalous behaviour in this peak as the entropy goeat the ion. This does not include the term proportionat|to
through a maximum value. The coordination number doesvhich arises from finite size corrections, which would in-
not vary monotonically. The first shell contains 6 water mol-crease the slope of these curves. As Hummieal?’ ob-
ecules for “Na " and just under 6 molecules for Na. served the electrostatic potential is positive for uncharged
The shell for “Na %%’ is well defined and contains approxi- solutes due to the asymmetry of the water molecule. The

B. Structure
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FIG. 6. Variation of electostatic potential at the ion with charge. The steep- 2 - X /\\'v :
est curve belongs to the sodium family, the middle curve to the caesium L p ]
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curves are not linear, although linear regions can be seen. 0 EF /\ ——
More information about the polarisation of the shells is L \/ ]
contained in Fig. 7 which shows the differences between the R P T T D TP T

radial distribution functions for solute-protons and solute- 1 5 3 4
oxygen weighted with the factor 0.8476. As the oxygen r/A
nucleus carries a charge of 0.8476 and the protons half this

: : . . . IG. 7. Plots of the difference of the solute—hydrogen and solute—oxygen
charge, this weighted difference is proportional to the IOCaII(jistribution functions. In this model this corresponds to the charge density.

charge density in the solvent, and gives some measure of th@e upper set of three curves are for examples with low entropy due to

orientational order in the solvation shells. Molecules in thehydrophilic order §=—1,+1 and—0.5 - dashed ling the middle set be-

first shell of a solute with charge of 1 are oriented in the !ong to values of the charge near the entropy maxima 0.3 - dashed

expected way with the oxygen atoms nearer the positive ioHne ,+0.5) aqd the lower curves correspond tq regions of low entropy due
. to hydrophobic orderd=0, g=+0.2 - dashed line

and protons between the oxygen atoms of the first and sec-

ond shell. In the shells near the negatively charged ion one

finds, as expected, a positive peak of protons inside the negaf plus or minus 1 or 2 have been used in simulations of ions
tive peak associated with oxygen atoms, but between thg water. Thus our system has the complete range of behav-
shells there is a double peaked positive contribution whichoyr from hydrophobic solvation to hydrophilic solvation.
arises from the second proton in the outer shell at about 2.¢yhen a hydrophobic solute dissolves in water there is nor-
A and a peak at about 4.3 A arising from protons attachegnally a considerable decrease in entropy and a small de-
to water molecules in the second shell. Looking next at the;rease in enthalpy. The reason for the low solubility of such
uncharged solute one sees that there is still a slight prefegoytes is primarily the negative entropy of solvation which
ence for protons to be nearer the solute that oxygen atomsgas heen associated with the ordering of the water structure
(note the change of scaléAs the charge becomes more posi- ground the solute. An extreme example of this order is found
tive this orientational preference is reversed and by the timg, c|athrate compounds of solutes such as methane in water.
the charge reaches 0.5 the first peak with a positive \ye found a steady decrease in the entropy of solvation and
charge density has almost disappeared. These plots do ngdrrespondingly an increase in the free energy of solvation as
show any special features that can be correlated with thghe sjze of the solute increased, which is consistent with the

5 6 7

entropy maxima. formation of an ordered layer of water around the surface of
the solute. As the volume of such a shell increases as the
V. DISCUSSION square of the radius of the solute one might anticipate that

the hydrophobic solvation entropy might decrease as the
square of the radius of the shell, although this is partially
offset by the effect of the curvature of a hydrophobic surface
As the charge is varied in this model, the solute changesn free energy of hydrophobic solvatidh®* Our calcula-
from a spherical hydrophobic solute to a typical hydrophilictions suggest that it is not only the first shell that is impor-
ion. Simple uncharged Lennard-Jones spheres have be&amnt, but the second shell is also a significant factor. The
used extensively to model the solvation of both argon ancgkvidence for this statement arises from the changes seen in
methane in water, while Lennard-Jones spheres with chargegr) when the solute charge is turned on and the solvent

A. Hydrophilic and hydrophobic solvation: Concepts
and behaviour
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becomes more hydrophilic. The entropy maxima are assocbccurs at a larger radius for negative ions than for positive
ated with the disappearance of a distinct second solvatioions, so that common monatomic negative ions have a
shell, suggesting that the presence of this shell is essential femaller entropy of solution than do common monoatomic
the hydrophobic minimum in the entropy versus chargepositive ions of the same size.

curves.

The concepts of structure-breaking and structure-makin
were introduced into the discussion of ion solvation by Fran
and Evan¥~1"to explain the observed variation of entropies
of solvation of simple ions in solution. Other thermodynamic  In a pure dipolar solvent there would be no difference
properties that have been interpreted by invoking these corbetween positive and negative ions of the same size. The
cepts are the shift in the temperature of maximum density ofocal field near a small spherical solvent is far from uniform
water due to the presence of ioHghe ionic contribution to  and in order to understand the molecular orientation one
the heat capacities of aqueous solutidrend the trends in  must take into account the higher multipole moments of the
the activity coefficients of ionic solutior$:® Transport charge distribution in the water molecule as well as the in-
properties such as the fluidity of electrolyte solutrend  fluences of hydrogen-bonds between water molecules. In the
the heats of transport of ions in soluti3ri® have also been SPC/E model the internal charge distribution is modelled by
rationalized on the basis of structural changes produced bgharges on the proton and oxygen sites. This model is by no
dissolved electrolytes. means perfect, but does contain a more realistic picture of

Most singly charged ions are said to be “structure-the electrostatic potential outside the molecule than would be
breaking” as they have positive entropies of solvation com-given by a simple point dipole. An important aspect of the
pared to the H ion. Doubly charged ions and larger ions charge distribution is that the proton sites are near the out-
(such as tetramethyl ammonidfh are described as side of the molecule, so that a negative charge can approach
“structure-making” with negative entropies of solvation one of the protons closely, while a positively charged ion
relative to H™. Our calculations show clearly the change cannot get as near the negatively charged oxygen site. This
from structure-breaking to structure-making as the magnimeans that the interaction of a small negative ion with water
tude of the charge is increased at constant size, in agreememplecules in the first solvation shell is much stronger than
with the experimentally observed low entropy of doubly the interaction of a positively charged ion of the same size.
charged ions when compared with singly charged ions. Al-Although this may be overestimated in the SPC/E model and
though the entropy of these hydrophilic solutes is lower tharpthers in which the repulsion is spherical, it is a real effect
that of the hydrophobic solutes, the free energy of solvatiorwhich is closely related to the ability of the proton of the
of these solutes is dominated by the energy term which dewater to form hydrogen bonds. Because a hydrogen-bond
creases rapidly with charge. It is only for hydrophobic sol-acceptor can approach more closely to a proton in a
utes that entropy dominates the solvation free energy. hydrogen-bond donor than to other types of electropositive

The variation of solvation entropy with size is different atoms in molecules, it interacts particularly strongly with the
for charges of+1 and—1. In both cases the entropy initially proton.
increases with size and then reaches a maximum and turns
over. In this model the entropy maximum for positive ions is ) ) ] )
broad covering the ions Na K*, Rb", and C&. We at- C. Com_panson with experiment and with other
tribute this behaviour to a change from the type of structurepalcumItlons
making due to hydrophilic ordering for small ions to the As has been emphasized earlier the results we have
incompatible hydrophobic ordering for large ions. lons with quoted refer only to the local contributions to the entropy
a large local fieldthose that have a high charge or a smalland free energy. The usual method for correcting for finite
size) order the water structure into well defined and orderedsize effects is to add a Born correction, but we follow Hum-
solvation shells. lons with a very low local fielthrge ions  meret al?” and the discussion in Section Il A. For our sys-
or ions with a small chargebehave like uncharged solutes tem size the finite size corrections are equal
with local hydrophobic order which also extends to at least— 16092 kJ mol ! to the free energy anét 1 k to the entropy
two well defined solvation shells. However, as we saw fromfor solutes with chargej= 1. Note that these corrections
the radial distribution functions, the solvation shells are dif-are independent of the solute size. Table Il shows the values
ferent in the two cases. Hydrophilic ordering makes shellof the raw data forAg,, from our simulations, corrected
which are close to the ion and which contain a small numbevalues and experimental numbéf$/**The agreement with
of water molecules oriented towards or away from the ionexperiment is satisfactory, particularly for the values of the
while hydrophobic solvation shells tend to be further fromfree energy. Although the values of the entropy are in broad
the solute and to contain more molecules. These structuregjreement with experimental observations, the detailed
are incompatible and as we vary either the solute size or theariation with size are not well reproduced. It seems that the
solute charge the entropy increases to a maximum at th@aximum in the variation of ion entropy with size occurs at
change over from hydrophilic to hydrophobic order. Thissomewhat too small a value compared to real ions. Either the
change over corresponds to the extreme of structurenydrophobic ordering is overestimated or the hydrophilic or-
breaking. The maximum in entropy as a function of ion sizedering is underestimated in this model.

. The origin of the asymmetry between positive and
negative charged solutes
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TABLE II. Solvation free energies and entropies as measured in this worjar, entropic effects can be described using very simple clas-

and experimental values. sical model potentials and small system sizes. The essential
Acy,/kJ Mol 2 Seon /K physics of §o|vat|on must be presgnt in these models, al-
lon (raw) (corrected® (exp® (raw)  (cor) (exp® though details such as solvent polarisation are omitted. Even
" in these models, the electrostatic field of a water molecule is
Na -187 347 -365 -6 -7 -120 lex than dipol dis b rical
K+ 117 977 205  —g 7 g1 more complex than dipolar and is by no means symmetrical
cs' —74 934 _235  —7 -8  -6.0 under the combined operation of charge conjugation and mo-
(ol —200 —360 -340 -7 -8 -101 lecular inversion. This leads to hydrogen-bonding, local sol-
I~ —-131 —291 -254 -9 -10 -55 vation structures and to asymmetries in the energetics of
See toxl positive and negatively charged ions. Structure-breaking is

bReferences 57, 38, and 27. These assume a valuel680 kJmol* for ~ @n old concept which has been fleshed out by these calcula-
H*. tions; in particular they draw attention to the importance of

°‘Reference 58; the absolute values assume a valueldf55 for H" and are  the second hydration shell.
less accurate than the relative values.
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