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Topological and spatial aspects of the hydration of solutes of extreme solvation entropy

Dan L. Bergman,* Alexander P. Lyubartsev, and Aatto Laaksonen
Division of Physical Chemistry, Arrhenius Laboratory, Stockholm University, SE-106 91 Stockholm, Sweden

~Received 16 April 1999; revised manuscript received 14 June 1999!

The hydration of charged Lennard-Jones spheres by simple point charge water is considered. Molecular
dynamics and expanded ensemble simulations were used to compare the hydration structures surrounding
solutes with extreme solvation entropy. The variations in the solvation entropy were analyzed in terms of
changes in the spatial and topological structure of the hydration shells. The solvation entropy was found to be
maximal for solutes that can replace water molecules in the hydrogen-bond network. Further, using a
Kirkwood-type factorization, the solvation entropy was expanded as a sum over the partialn-body distribution
functions. The two-body solute-water contribution to the solvation entropy was found to exceed the full
solvation entropy for solutes with low charge, whereas the converse is true for the other solutes. This is
consistent with the idea that water-water correlations are enhanced by solvation of, for example, noble gases,
whereas they are disrupted by solvation of ions. Further, the orientational and radial parts of the two-body
solute-water entropy were calculated as functions of the charge of the solute. The orientational part has a single
maximum, whereas the radial part maintains the bimodal form of the full solvation entropy.
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PACS number~s!: 61.20.Qg, 65.50.1m, 61.20.Ja
a

e
th

,
-
te

le
e

hl
te
.
th
s
he
t

he
o
th
e

-
tia

m

ib
ic
al
n
la

and
nthe
VI.

es

sible
ah
ing

on

d

er-
I. INTRODUCTION

Simple solutes such as noble gases and atomic ions
hydrated differently depending on~among other things! their
size and charge@1–3#. A large number of simulations hav
been carried out in order to study various aspects of
hydration of solutes of this type@4–13#. In these simulations
a plentitude of different potential models of varying com
plexity have been used to represent the water-water, wa
solute, and solute-solute interactions@7–9,14,15#. Recently,
Lynden-Bell and Rasaiah@4# carried out expanded ensemb
simulations where the size and charge of the solutes w
varied continuously. This enabled them to move smoot
between different types of hydration, and to identify solu
corresponding to extrema in the solvation entropy; see Fig

With the present paper we extend their analysis of
hydration structures surrounding these extreme solute
two directions: first, we look at the angular structure of t
hydration shells and, second, we look at changes in the
pology of the hydrogen-bond network. A clear picture of t
relation between changes in the solvation entropy, on the
hand, and changes in the solvation structure, on the o
hand, is obtained by comparing the hydration of these
treme solutes. Further, using a Kirkwood-type@16# factoriza-
tion of the N-particle distribution function, we have ex
panded the solvation entropy in a sum over the par
n-particle distribution functions@17,18#. This allows us to
interpret the solvation entropy in terms of contributions fro
different types of spatial correlations.

The paper is arranged as follows: In Sec. II we descr
our simulation model, and consider to what extent it mim
solvation at infinite dilution. In Secs. III and IV, the spati
and topological structures of the hydration shells are a
lyzed. Contributions from different types of spatial corre

*Author to whom correspondance should be addressed. Electr
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tions to the solvation entropy are considered in Sec. V,
the dynamics of the exchange of water molecules betwee
solvation shells and the bulk is briefly considered in Sec.
Section VII concludes the paper.

II. SIMULATIONS AND MODEL

The incentive for our work was the solvation entropi
calculated by Lynden-Bell and Rasaiah@4#. Our simulations
were therefore set up to resemble theirs as closely as pos
with the following two exceptions: Lynden-Bell and Rasai
simulated the solute together with 63 water molecules us

ic

FIG. 1. The solvation entropyDS in units of Boltzmann’s con-
stantk for solutes of different chargeq: s denotes our expande
ensemble data,, Lynden-Bell and Rasaiah’s data@4#, andh the
two-body solute-water contributionSsw

(2) to DS @cf. Eq. ~12a! and
Table VI#. The error bars indicate one standard deviation. The
rors in Ssw

(2) are discussed in Sec. V.
4482 © 1999 The American Physical Society
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TABLE I. Different energies.q denotes the charge of the solute,Etot the total potential energy of the
system,Esw the contribution from the solute-water interactions, andEww the contribution from the water-
water interactions.DF is the solvation free energy relative to theq50 solute ~i.e., DF5Fq2F0). All
energies are in kJ/mol.Etot andEww are per molecule~there are 256 molecules in each system!. The estimated
standard deviation is either less than one unit in the last digit or given within the parentheses.Esw andEww

only contain contributions from pairs separated by less thanL/2, whereL is the side length of the simulation
cell. @The energy per molecule in the pure water simulation is246.65 kJ/mol~there are 255 molecules in th
system!#.

q(e)
21.0 20.5 20.3 0.0 10.2 10.5 11.0

DF 2592.8(5) 2142.0(3) 248.3(2) 0 22.65(7) 246.8(2) 2251.5(3)
Etot 249.41 247.16 246.68 246.49 246.52 246.76 247.90
Eww 247.15 248.62 248.92 249.29 249.27 248.84 247.87
Esw 21180(4) 2302(2) 2101(1) 23.83(2) 220.0(5) 2138(2) 2617(3)
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face centered cubic~fcc! boundary conditions~that is, the
simulation cell subjected to periodic boundary conditio
was a rhombic dodecahedron!. We have simulated the solut
together with 255 water molecules using simple cubic~sc!
boundary conditions.

We have carried out seven molecular dynamics simu
tions of simple charged Lennard-Jones solutes surrounde
rigid simple point charge~SPC/E! water molecules@19#. The
simulations differed only in that the chargeq of the solute
was varied. Solutes of chargeq521,20.5,20.3,0,10.2,
10.5, and11 ~in units of the electron chargee) were se-
lected, since they correspond to extrema and other interes
points on the solvation entropy curve; see Fig. 1. We h
also simulated a pure water system consisting of 255 m
ecules.

The electrostatic part of the interaction potential w
evaluated using Ewald summation; see below. The Lenn
Jones part of the potential was determined by the parame
s52.586 Å ande50.4184 kJ/mol for the solute, ands
53.166 Å ande50.6502 kJ/mol for the SPC/E water. Th
mixed potential terms were calculated using the Loren
Berthelot combination rules. The mass of the solute w
22.9898 g/mol. As Lynden-Bell and Rasaiah pointed o
these are reasonable potential parameters for simulatio
sodium ions in water.

The simulations were carried out in the canonical e
semble atT5298.15 K andr51.00868 g/cm3. The r se-
lected corresponds to a simulation cell with a side lengthL
519.6611 Å. A Nose-Hoover thermostat@20# with a relax-
ation time of 30 fs was used to maintain the temperature
the time step was two femtoseconds. The Shake algori
@21# was used to keep the bond lengths fixed. Each sim
tion consisted of a 200-ps-long equilibration run followed
a 2-ns-long production run. The simulations were perform
using the simulation packageMDYNAMIX @22#. The simula-
tion of the pure water system was set up in the same wa
the other~note thatL was kept at 19.6611 Å, whereas th
density was adjusted accordingly!.

Lynden-Bell and Rasaiah’s@4# expanded ensemble simu
lations show that the solvation entropy varies bimodally w
the solute’s charge. We have carried out an expanded
semble simulation to see if the solvation entropy varies
modally with the charge also for our larger system. Figur
shows that this is the case. Further, the locations of the
s
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trema are the same, but the differences between the ma
and the minimum are smaller. The estimated standard de
tion of the change in the solvation entropy ranges from 0k
to 2k, depending on the charge of the solute~see Fig. 1!.
Note that we have only calculated the difference in the s
vation entropy between theq50 and the other solutes. W
have also calculated the solvation free energy; see Table

Our expanded ensemble consisted of 21 canonical
tems differing only in that the charge of the solute was var
between21 and11 in steps of 0.1. The expanded syste
was simulated using a combined Monte Carlo~MC! and mo-
lecular dynamics~MD! approach@25,26#. Briefly, the transi-
tions between the subensembles were done using a Metr
lis MC algorithm, and within the subensembles ordinary M
steps were taken. A biasing potential was used to ensure
efficient acceptance ratios were obtained for the transiti
between the subensembles. In total 4.53105 transitions were
made between the subensembles, and 73106 MD steps were
taken within the subensembles. The MD steps were 2
long. The density, temperature, and other simulation par
eters were the same as for the MD simulations descri
above.

In order to compare the hydration structures that we
tain for our sc system with those that Lynden-Bell and R
saiah obtained for their smaller fcc system; we have ca
lated gSO(r ), that is the radial distribution functions o
oxygen atoms surrounding the solute~see Fig. 2!, and the
average charge density surrounding the solute. On com
ing these distributions with those obtained by Lynden-B
and Rasaiah, we find no significant differences.

As all solutes that we simulate~except one! are charged, a
uniform continuum charge density of opposite sign has b
introduced in order to maintain a net charge of zero in
simulation cell. This continuum need not be explicitly a
counted for when calculating the forces, since it only co
tributes an extra constant term to the electrostatic part of
potential energy,

Uel5(
i , j

qiqjc~r i2r j !

2 (
i , j , intra

qiqj

ur i2r j u
1

j

2 (
i

qi
22

p

2Vk2
qb

2 , ~1!
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where

c~r !5(
R

erfc~kur1Ru!
ur1Ru

1
1

V (
GÞ0

1

pG2
expS 2p iGr2

p2G2

k2 D ~2!

and

j5 (
RÞ0

erfc~kR!

R
1

1

V (
GÞ0

1

pG2
expS 2

p2G2

k2 D 2
2k

Ap
.

~3!

Above, qi denotes the size, andr i the position of thei th
charge. The first summation in Eq.~1! is carried out over all
charge pairs, whereas the second is only carried out o
those located in the same molecule.R denotes the real spac
lattice vectors andG the reciprocal. Since we consider
simple cubic lattice,R takes the valuesLn, wheren is an
arbitrary integer triplet andL is the side length of the simu
lation cell. TheG’s have been normalized to satisfy the r

FIG. 2. Radial distribution functionsg(r ) of oxygen atoms sur-
rounding the solute.~a! Distributions for solutes of chargeq521
~solid line!, q511 ~dashed line!, and q520.5 ~dotted line!. ~b!
Distributions for solutes of chargeq520.3 ~solid line! and q
510.5 ~dashed line!. ~c! Distributions for solutes of chargeq50
~solid line! and q510.2 ~dashed line!. The maximum value of
g(r ) for the q521 solute is 12.4. Compare Fig. 5 in Ref.@4#.
er

lation R•G5n for some integern. V denotes the volume o
the unit cell,k is an arbitrary positive constant@regulating
the rate of convergence of the two parts of~2!#, andqb is the
total charge of the continuum. Note that the three first ter
in Eq. ~1! are equal to the expression derived by de Lee
et al. @23# for a spherical cluster of cells minus the dipo
term. Physically, the neglect of the dipole term amounts
placing the spherical cluster inside a perfect conductor~tin-
foil boundary conditions!. As the dipole term is the only
nonperiodic part of the potential, it is clear that the shape
the cluster no longer is relevant when tinfoil boundary co
ditions are applied. The fourth term is the contribution fro
the continuum; see for example Appendix A in Ref.@24#.

In order to calculate the solvation energy of the solute
is necessary to account for the cohesive energy assoc
with the formation of a simple cubic Wigner lattice@4,6#
consisting of the solute and a uniform neutralizing co
tinuum. The cohesive energy associated with the Wigner
tice can be obtained by evaluating Eq.~1! for a single point
charge.Uel then sums to2qb

2/(2L)32.837 297 479 48.
One objective of our simulations is to learn somethi

about the solvation of ions at infinite dilution. It is therefo
interesting to consider the differences between the elec
field surrounding a point charge in a simple cubic Wign
crystal Esc, and the electric field surrounding an isolate
point chargeEco. As the maximal relative difference in th
electric field at a given distancer from the solute, that is

max
ur u5r

uEsc2Ecou/uEcou, ~4!

is less than 0.1 for distances up to than 5.3 Å~that is 0.27L),

FIG. 3. The absolute difference between the electric field s
rounding a point charge in a simple cubic Wigner crystalEsc and
the electric field surrounding an isolated point chargeEco. For each
distancer from the solute, the maximal difference between the el
tric fields, the maximal isotropic difference, and the maximal ani
tropic difference are plotted. Formally, these differences are gi
by maxur u5r uDEu, whereDE5DEtot , DEiso , and DEaniso, respec-
tively; and where DEtot5Esc2Eco, DEiso5er(er•DEtot), and
DEaniso5DEtot2DEiso . er denotes the radial unit vector.
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we expect the electric field sensed by the water molecule
this region to be sufficiently similar to that generated by
single point charge at infinite dilution. By sufficiently simila
we mean that the structure and dynamics of the water m
ecules in this region are not significantly influenced by
differences betweenEsc and Eco. At larger distances (r
.0.27L), the relative difference increases. However, t
typical electric field sensed by a water molecule from
nearest neighbors is about 60e/(4pe0L2), to be compared
with uDEu, which is less than 4e/(4pe0L2) everywhere in
the simulation cell for a solute of chargeq51; see Fig. 3.
Further, the water molecules in the first solvation sh
screen the solute’s charge to some extent. Thus we do
expectDE to induce any significant structural or dynamic
changes forr .0.27L.

III. SPATIAL ARRANGEMENT

We have calculated the solute-oxygen and solu
hydrogen radial distribution functions~see Fig. 2 for the
solute-oxygen distributions!. From these distributions we
have also calculated the charge distribution surrounding
solute. As has already been mentioned in Sec. II, these
tributions do not differ significantly from those previous
obtained by Lynden-Bell and Rasaiah@4#.

In order to obtain a clearer picture of the hydration stru
ture, we have looked at the orientation of water molecule
different distancesr from the solute. For each distancer, the
angular distribution functiona(r ,u,f) has been calculate
(u and f are defined in Fig. 4!. These distributions have
been normalized to 4p, that is the surface of the unit spher
Thus, if all orientations were equally probable, the distrib
tion function would be uniformly equal to 1. The distributio
functions describing the orientation of the water molecules
the first solvation shell are shown in Fig. 5.

Considering the negatively charged solutes first, we
pect the water molecules in the first hydration shell to bo
via one of their protons to the solute. The maxima at cou
50.6 andf5p/2 confirm this. As the solute’s charge in
creases from21 to 20.3, the water molecules gain orient
tional freedom: the angular distribution broadens sign
cantly, and its maximum value decreases from 111 to 21.
in
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solutes with charges 0 and10.2, the angular distributions
are considerably flatter, the global maxima are 2.5 and
respectively. As the charge increases further to10.5 and
11, the water dipoles are forced to align themselves with
central electric field. For the10.5 solute, the maximum is
4.2, and it is located at cosu520.6 andf50; for the 11
solute, the maximum is 9.9, and it is located at cosu521
andf50. It is clear that the closer the water molecule alig
its dipole to the central electric field, the more freedom
gains for rotation around its dipole axis.

If we know the most probable orientation of a water mo
ecule in the first solvation shell, then we also know the m
probable position of the solute relative to the water molecu
Taking this point of view, one may notice that theq
520.3 and10.5 solutes both coordinate tetrahedrally re
tive to the water molecule. Thus the solutes associated w
maxima in the solvation entropy are precisely those that
‘‘fit’’ into the hydrogen-bond network.~The q520.5 and
21 solutes have the correct orientation, but their distanc
the water molecule is less than 2.6 Å; see the distance
Table IV!. From this point of view it is also easier to inte
pret theq50 and10.2 distributions: There is a high prob
ability of finding these solutes in the leftover, that is, t
nontetrahedral, positions. Integration ofgSO shows that there
are about four closest coordinated water molecules surrou
ing theq520.3 and10.5 solutes. Integration ofa(r ,u,f)
shows that about two of these four water molecules coo
nate the solute tetrahedrally. The remaining two water m

FIG. 4. Definition of cosu and f. cosu is the cosine of the
angle between the dipole moment of the water moleculed and the
vector from the water molecule’s oxygen atom to the solute,rOS. f
is the angle between the plane spanned by the water molecule
the plane spanned by thed andrOS vectors minusp/2. Lete denote
a unit vector; then we formally have cosu5ed•eOS and sinf5(ed

3eOS)•(ed3eHH).
tes,
FIG. 5. Angular distribution functionsa(r ,u,f) describing the orientation of the water molecules in the first solvation shell~i.e., the
0.2-Å-thick spherical shell centered at the maximum,r 5r max, of the solute-oxygen radial distribution function!. The distributions have been
normalized to 4p. Thus, if all orientations were equally probable, the distribution function would be uniformly equal to 1. cosu andf are
defined in Fig. 4. Because of the water molecule’s symmetry only 0<f<p/2 need to be considered. For the negatively charged solu
a(r ,u,f) is less than 1 whenf<p/4 or cosu<0.
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FIG. 6. The first solvation shell surrounding solutes of chargeq521, 20.5, 0, and11. The isodensity surfaces enclose regions w
high probabilities of finding the center of mass of a water molecule. The isodensity surfaces surrounding theq521,20.5, and11 solutes
correspond to a center of mass density equal to eight times the bulk density. The isodensity surfaces surrounding theq50 solute correspond
to four times the bulk density, and the ring~radius 2.5 Å) encircling the z axis lies in thez52 Å plane. The marks on the axes are 1 Å apa
See the text for the definition of the coordinate systems.
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ecules coordinate the solute roughly as if it was uncharg
The angular structure of the second solvation shell is,
expected, less pronounced than that of the first~see the dis-
cussion of the orientational contribution to the solvation e
tropy in Sec. V!.

The coordination of water molecules around an ion
pends on, among other things, the sign and size of its cha
It is clear from Fig. 2 that theq561 and20.5 solutes are
surrounded by well defined first solvation shells. Integrat
over these shells to the first minima gives coordination nu
bers of 5.9 for theq561 solutes and 4.0 for theq520.5
solute. This indicates that theq561 solutes are octahe
drally coordinated, whereas theq520.5 solute is tetrahe
drally coordinated. We have looked further into how the w
ter molecules are coordinated around the solutes usin
local coordinate system attached to the molecules in the
solvation shell.

Let r1 , r2 , r3, and r4 denote the positions of the fou
closest coordinated molecules, ordered according to t
d.
s

-

-
e.

n
-

-
a

st

ir

distance from the solute (r1 is the closest!, and letr s denote
the position of the solute. Further, letr'5r i where r i is
selected amongr2 , r3, andr4 according to the criterion tha
u(r i2r s)•(r12r s)u should be minimal. The coordinate axe
are then defined by

ez5
r12r s

ur12r su
, ~5a!

ey5
r'2r'•ez

ur'2r'•ezu
, ~5b!

ex5ey3ez . ~5c!

In this coordinate system, the distribution of the mass cen
of the water molecules has been calculated; see Figs. 6~a!–
6~d!. When investigating these distributions, the followin
picture of the coordination of water emerges: The solu
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with chargesq561 are both, as expected, octahedrally c
ordinated@see Figs. 6~a! and 6~d!#. The octahedral coordina
tion is the most pronounced for the negatively charged
ute: The six maxima surrounding the negatively charg
solute have higher peak values and are less dispersed.
ther, the coordination deviates the least from perfect octa
dral symmetry as discussed below. Theq520.5 solute is
tetrahedrally coordinated@see Fig. 6~b!#. One may note tha
although the coordination of the water molecules chan
from octahedral to tetrahedral asq changes from21 to
20.5, the most probable orientation of the water molecu
remains unaffected; see Fig. 5.

The remaining solutes are surrounded by less well defi
water structures, at least in the selected coordinate syste
ringlike maximum can be observed for theq50 and10.2
solutes@see Fig. 6~c!#. Tendencies toward the same type
ring formation can also be observed for theq520.3 and
10.5 solutes; however, the first solvation shell is consid
ably less structured. If the ringlike maximum indicates th
the water molecules surrounding the solute form part o
relatively intact hydrogen-bond network; then it appears t
either theq520.3 and10.5 solutes disrupt the network t
some extent, or have a less well defined position within
network.

The above shows that the coordination of water molecu
around theq521, 20.5, and11 solutes possesses eith
octahedral or tetrahedral features. In order to estimate
degree of deviation from these two types of perfect symm
tries, we have considered~a! the deviations in the angle
a, b, andg indicated in Fig. 7; and~b! how well rotation of
a perfect octahedron~or tetrahedron! can fit the center of
mass points of the six~or four! closest coordinated wate
molecules.

Denote the angles obtained by joining two vertices of
octahedron via its center bya ~see Fig. 7!. For a perfect
octahedrona can be eitherp/2 or p depending on the pai
of vertices joined. In order to estimate the degree of octa
dral symmetry in the first hydration shell, we have cons
ered the angles formed between the mass centers of the w
molecules in the first hydration shell via the solute. The r
mean square diviation,Da, of these angles fromp andp/2
has been estimated. Analogously,Db and Dg ~see Fig. 7!
have been used to estimate the degree of deviation from
fect tetrahedral symmetry. The average values ofDa, Db,
andDg have been calculated from the simulation; see Ta
II.

The second type of measure of the degree of devia
from perfect symmetry is defined by

d5min
R
A1

n (
i 51

n

~r i2r i
o!2, ~6!

FIG. 7. The anglesa, b, andg used to estimate the deviation
from octahedral and tetrahedral symmetry are indicated in the
ure. Note that there are a number of angles equivalent to these
have been marked.
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wherer i is the position of thei th water molecule, andr i
o is

the position of thei th vertex of a perfect octahedron (n
56) or tetrahedron (n54). Note that the radius of the octa
hedron~or tetrahedron! is set equal to the average distance
the six ~four! closest coordinated water molecules. This a
erage distance is also used as the length unit in Table II.
minimum is taken over the set of all possible rotationsR.

We have also estimated the angular part of the devia
from perfect geometry. It was obtained by first projecting t
center of mass pointsr i of the six~four! closest coordinated
water molecules onto a unit sphere centered at the so
Then the six~four! vertices of the octahedron~tetrahedron!
were projected onto the same unit sphere. Finally, the
tancesa between the projections of the center of mass po
and the projections of the vertices were measured along g
circles on the sphere, the root mean square distance
calculated, and the minimum was taken over the set of
possible rotationsR; see Table II.

Clearly, the coordination shells surrounding theq561
solutes deviate the least from octahedral symmetry. T
anglea deviates on the average 0.18 and 0.32 from the c
responding values associated with perfect octahedral sym
try. Rotational fitting of an octahedron to the coordinati
shell also gives the smallest deviations indoct and aoct for
these solutes. The coordination shell surrounding theq
520.5 solute deviates the least from tetrahedral symme
as measured by the anglesb and g and the parametersdtet
andatet. The coordination shells surrounding the other s
utes can neither be fitted to octahedral nor to tetrahe
symmetry. Further, one may note thata is close tod for all
solutes, which reflects the fact that radial deformations of
coordination geometry are relatively small compared to
gular deformations.

IV. HYDROGEN-BOND ARRANGEMENT

In addition to studying the spatial arrangement of the w
ter molecules around the solute, we have studied how

g-
hat

TABLE II. Deviations from octahedral and tetrahedral symm
try as quantified by angular and center of mass~com! deviations.
Da, Db, andDg are the rms deviations of the angles defined
Fig. 7. r tet and r oct denote the average distance to the four and
closest water molecules, respectively.d anda measure how well an
octahedron~or tetrahedron! can be fitted to the com points of th
water molecules in the first coordination shell by rotation; see
text. The estimated standard deviation is less than one unit in
last digit in all cases.

q(e)
21.0 20.5 20.3 0.0 10.2 10.5 11.0

Da 0.18 0.44 0.46 0.48 0.48 0.45 0.32
Db 0.54 0.42 0.53 0.62 0.59 0.51 0.50
Dg 0.28 0.25 0.33 0.42 0.40 0.32 0.28

r oct 2.3 2.8 3.0 3.2 3.1 2.9 2.6
doct 0.15 0.49 0.51 0.56 0.54 0.48 0.29
aoct 0.15 0.46 0.51 0.57 0.54 0.48 0.28

r tet 2.3 2.5 2.8 3.0 3.0 2.8 2.5
dtet 0.45 0.36 0.50 0.61 0.58 0.48 0.44
atet 0.46 0.36 0.50 0.63 0.59 0.48 0.44



he
be
ag
s

t
h

on

fin
d
ns
e

e

f
io
ge
to

t a
d

-

nt

in

e
ra

n

nt
it
,

ut

ter
r of
ble
ds
f the
is

y. A
of
ong
III.
ol-
ver
net
e
the
ur-

l-
of

E

cule

g

pec-

s
.
mol-
gen
n
nus
mol-
via-

4488 PRE 60BERGMAN, LYUBARTSEV, AND LAAKSONEN
topology of the hydrogen-bond network is affected by t
solute. More specifically, we have looked at how the num
and types of hydrogen bonds that a water molecule eng
in depend on the distance from the solute. The methods u
to analyze the network were introduced in Refs.@27–29#,
and applied to water-acetonitrile mixtures in Ref.@30#.

We have used the effective hydrogen-bond definition
determine which pairs of water molecules are bonded. T
definition is based on the spatial distribution functi
gOO(r ), and its properties were discussed in Ref.@28#. For
the present purposes we may view it as a geometric de
tion; that is, two water molecules are defined as bonde
their positions and orientations satisfy certain conditio
More precisely, one of the molecules must have its oxyg
atom inside either of two volumesV located in the vicinity of
the protons of the other molecule; see Fig. 8. The volum
@31# are defined by the relation

V5$r u gOO~r !.gc%, ~7!

wheregc51. Depending on thegc selected, the number o
bonded pairs of molecules changes. Previous investigat
@28# indicate thatgc51 is a reasonable choice: The avera
number of hydrogen bonds is relatively insensitive
changes ingc around this value.

We will denote total number of hydrogen bonds tha
water molecule is engaged in bynt , the number of accepte
protons byna , and the number of donated protons bynd .
Trivially the relationnt5na1nd holds. The number of pro
tons donated,nd , can take the values 0, 1, or 2, andna can
take the values 0, 1, 2, or 3. We will label the differe
hydrogen-bond configurationsof a water molecule byndna
and the probability to find a water molecule in a certa
configuration will be denotedpndna

.
A natural starting point for the investigation of th

hydrogen-bond network is the dependence of the ave
number of hydrogen bonds per water molecule,nt , on the
distance from the solute; see Fig. 9~c!. Close to the solute the
number of bonds decreases below 1.6, and at large dista
it tends towards the bulk value 3.33860.0015. Between
these limits, the average number of bonds varies differe
depending on the charge of the solute: for solutes w
charges21, 20.5, and11 there are significant oscillations
whereas variations are less pronounced for the other sol

FIG. 8. The spatial distribution functiongOO(r ) used to define
the hydrogen bond. The surfaces enclose volumes defined by
~7! with gc51.5. The volumes marked byV grow slightly, but
retain their shape, ifgc is lowered to 1.
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The total number of hydrogen bonds among the wa
molecules surrounding the solute, minus the total numbe
hydrogen-bonds in the pure water system are listed in Ta
III. One may note that the total number of hydrogen bon
decreases when a solute is inserted, except in the case o
q510.2 for which it remains unchanged. The decrease
the largest for theq521.0 and20.5 solutes, for which the
number of bonds decreases by 4.6 and 2.7, respectivel
significant part of the decrease in the total number
hydrogen-bonds is due to a loss of hydrogen bonds am
the water molecules in the first solvation shell; see Table
The contribution from water molecules outside the first s
vation shell is less than 2 for all solutes. One should howe
note that the sign of the contribution varies: There is a
decrease in the number of hydrogen bonds of 1.7 for thq
521 solute, whereas there is a net increase of 1.5 for
q511 solute. Moreover, if one regards solutes that are s
rounded by well defined hydration shells~that is theq5
21, 20.5, and11 solutes! as bonded to the water mo
ecules in the first hydration shell, then the total number

q.

FIG. 9. The average numbers of bonds that a water mole
engages in as a function of the distancer from the solute.~a! Num-
ber of bonds donated,nd . ~b! Number of bonds accepted,na . ~c!
Total number of bondsnt , divided by 2. The curves correspondin
to theq511, 10.5, 10.2, 0, 20.3, 20.5, and21 solutes have
been displaced by 0, 0.1, 0.2, 0.3, 0.4, 0.5, and 0.6 units, res
tively.

TABLE III. The change in the number of hydrogen bond
among the water molecules due to the insertion of the solutesD t

denotes the total number of hydrogen bonds among the water
ecules surrounding the solute minus the total number of hydro
bonds in the bulk simulation.D1 denotes the number of hydroge
bonds among the water molecules in the first solvation shell mi
the number of hydrogen bonds that the same number of water
ecules form in the bulk simulation. The estimated standard de
tions are less than 0.3 forD t , and less than 0.03 forD1.

q(e) 21.0 20.5 20.3 0.0 0.2 10.5 11.0

D t 24.6 22.7 21.8 20.1 0.0 20.2 22.1
D1 22.9 21.7 21.3 10.1 20.1 21.3 23.6
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bonds in these systems increases by 1.4, 1.3, and 3.9, re
tively.

A more detailed picture of the hydrogen-bond structure
obtained by studying hownd andna vary. In the first solva-
tion shell the water molecules can bond directly to the solu
Naturally, this reducesnd or na depending on the sign of th
solute’s charge~see Table IV!. Further, one can expect th
effect to increase with the size of the chargeuqu, as is also
observed:nd is about 1.7 for positively charged solutes a
about 0.9 for negatively charged solutes, whereasna is about

TABLE IV. The average number of bonds,nt , the average
number of bonds accepted,na , and the average number of bond
donated,nd , for water molecules in the first hydration shell at
distancer from the solute.q denotes the charge of the solute. T
estimated standard deviation is less than half a unit in the last d

q(e) r (Å) nt na nd

21.0 2.3 2.4 1.6 0.7
20.5 2.4 2.5 1.7 0.9
20.3 2.6 2.6 1.7 1.0

0.0 3.0 3.3 1.7 1.7
10.2 2.9 3.2 1.5 1.7
10.5 2.6 2.7 1.0 1.7
11.0 2.5 2.1 0.5 1.6
ec-

s

e.

1.7 for negatively charged solutes and ranges from 1.5 to
for positively charged solutes.

In bulk water,na andnd are both equal to about 1.7. Th
four water molecules in the vicinity of theq510.5 solute
have na51.0, which indicates that together they have lo
about three hydrogen bonds. Previous considerations of
spatial arrangement of the water molecules in the vicinity
this solute gave that the solute acts as a double proton d
~see Sec. III!. Thus the system regains about two of the thr
hydrogen bonds lost. Analogously, the system regains ab
two of the three hydrogen bonds lost among the water m
ecules surrounding theq520.3 solute.

The dependence ofna andnd on the distancer from the
solute are shown in Fig. 9. One can note thatnd varies mod-
erately withr for the solutes withq>0. For the other solutes
the variations innd are confined mainly to the first shell, th
exception being theq521 solute for which oscillations per
sist up to aboutr 56 Å. The value ofna depends more
strongly on the distance from the solute than doesnd : There
are pronounced oscillations beyond the first solvation s
for solutes of charge21, 20.5, and11. It is not clear to us
why na fluctuates more thannd for the q511 solute.

Further insight into the structure of the hydrogen-bo
network has been obtained by considering the probabili
of the different hydrogen-bond configurations in the first a
second solvation shells; see Table V. When estimating th

it.
ertain
ee the

ter and
ion is
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.000

.006

.032

.016

.002

.000

.053

.035

.038

.039

.046

.036

.038

.039

.041

036
TABLE V. The probabilities that water molecules in the first and second hydration shells have c
hydrogen-bond configurations. The shells are defined by maxima in the radial distribution functions, s
text. The charge of the solute is denoted byq and the distance from the solute to the maximum byr. The
probabilities for the different hydrogen-bond configurations are indicated bypndna

, wherend denotes the
number of hydrogen bonds that the water molecule participates in as a proton donor, andna the number of
hydrogen bonds that it participates in as an acceptor. For comparison, results are included for bulk wa
for shells withr 54.3 Å. The probabilities for bulk water are also given. The estimated standard deviat
less than three units in the last digit in all cases. It is also less than 20% in all cases except those ma
a.

Configuration probability
q (e) r (Å) p00 p10 p20 p01 p11 p21 p02 p12 p22 p03 p13 p23

21.0 2.3 0.006 0.013 0.000 0.108 0.27 0.000 0.137 0.44 0.000 0.005 0.023 0
20.5 2.4 0.003 0.012 0.000 0.062 0.27 0.002a 0.083 0.52 0.003a 0.004 0.046 0.000
20.3 2.6 0.003 0.013 0.002 0.060 0.26 0.04 0.076 0.44 0.06 0.004 0.033 0

0.0 3.0 0.001 0.006 0.009 0.013 0.11 0.22 0.013 0.15 0.43 0.000 0.006 0
10.2 2.9 0.001 0.008 0.015 0.015 0.13 0.31 0.007 0.10 0.39 0.000 0.003 0
10.5 2.6 0.005 0.038 0.075 0.019 0.20 0.52 0.002 0.030 0.11 0.000 0.000 0a

11.0 2.5 0.025 0.178 0.319 0.013 0.13 0.32 0.000 0.003 0.008 0.000 0.000 0

21.0 4.2 0.000 0.005 0.010 0.008 0.089 0.21 0.013 0.15 0.45 0.001 0.012 0
20.5 4.3 0.001 0.005 0.010 0.013 0.101 0.22 0.013 0.15 0.45 0.000 0.007 0

0.0 4.8 0.001 0.006 0.010 0.013 0.11 0.22 0.013 0.15 0.44 0.000 0.008 0
10.2 4.8 0.001 0.006 0.011 0.012 0.10 0.21 0.013 0.15 0.44 0.000 0.008 0
11.0 4.6 0.001 0.005 0.007 0.013 0.097 0.19 0.017 0.17 0.44 0.001 0.011 0

20.3 4.3 0.001 0.006 0.010 0.013 0.11 0.22 0.014 0.15 0.44 0.000 0.007 0
0.0 4.3 0.001 0.005 0.010 0.012 0.10 0.22 0.013 0.15 0.44 0.000 0.008 0

10.2 4.3 0.001 0.005 0.010 0.012 0.097 0.21 0.013 0.15 0.45 0.000 0.007 0
10.5 4.3 0.001 0.005 0.010 0.011 0.099 0.21 0.014 0.15 0.45 0.000 0.009 0

bulk 0.001 0.006 0.011 0.014 0.107 0.22 0.014 0.15 0.43 0.000 0.008 0.

aThe estimated standard deviation is less than 25%.



ed as

omitted.

4490 PRE 60BERGMAN, LYUBARTSEV, AND LAAKSONEN
FIG. 10. The probabilitiespndna
describing the fraction of water molecules in different hydrogen-bond configurations are plott

functions of the distancer between the solute and the water molecule. The curves are marked byndna , wherend andna denote the number
of hydrogen bonds donated and accepted, respectively. Note that the lower-probability hydrogen-bond configurations have been
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probabilities, the solvation shells have been defined as
0.25-Å-thick spherical shells centered on the maxima of
solute-oxygen radial distribution functions~compare Fig. 2!.

In the first solvation shell, the 12 configuration~that is,
nd51 and na52) is the most probable for solutes wit
q,0, whereas the 21 configuration is the most probable
solutes withq.0.2. Further, the 11 configuration is the se
ond most probable configuration for solutes withuqu.0.2.
Considering theq510.5 and20.3 solutes, we may not
that the former corresponds to a maximum inp21, and the
latter has a relatively high value ofp12.

The first solvation shell surrounding theq50 solute has a
bond structure resembling that of bulk water. The differe
hydrogen-bond configurations of the water molecules in
shell all have probabilitiespndna

comparable to those of th
same configurations in bulk water. In particular, one m
note thatp22 is equal to 0.43, which is the same as in bu
water. The first solvation shell surrounding theq510.2 sol-
ute has a bond structure that differ significantly from that
bulk water. Nevertheless, these differences are small in c
parison with the differences in the configuration probabilit
induced by the more highly charged solutes.

Turning to theq520.3 and the10.5 solutes, we note
that the probability of the 22 configuration is reduced fro
the bulk value of 0.43 to 0.06 and 0.11 for theq520.3 and
10.5 solutes, respectively. On the other hand, the proba
ity of the 12 configuration is enhanced for theq520.3 sol-
ute, and the probability of the 21 configuration is enhanc
for theq510.5 solute. Further, about two of the four wat
molecules in the first hydration shell of these solutes coo
nate tetrahedrally to the solute. Thus, in addition to the
coordinated water molecules, there is a number of water m
ecules that are coordinated in a ‘‘22-like’’ manner.

The q521, 20.5, 0, 10.2, and11 solutes all exhibit
second solvation shells in terms of a second maximum
gSO(r ). For the water molecules in these shells, the differ
hydrogen-bond configurations occur with frequencies sim
to those in bulk water. However, there are some differenc
the 23 configuration has a higher probability in these sh
than in bulk water~except for theq520.5 solute!. More-
over, for theq511 solute, the probabilities of the 12, 13
and 22 configurations are also enhanced, and, for thq
521 solute, the probabilities of the 13 and 22 configu
tions are enhanced. Further, the density maxima of the
he
e

r
-

t
is

y

f
-

s

il-

d

i-
2
l-

in
t
r
s:
ls

-
c-

ond solvation shells of theq521, 20.5, and11 solutes
coincide with maxima inna andnt ; see Fig. 9. Some of the
probabilitiespndna

also take extreme values in these she
see Fig. 10.

Since the q520.3 and 10.5 solutes correspond t
maxima in the solvation entropy, and since they are ass
ated with the disappearance of the second maxima ingSO(r ),
one might expect the hydrogen-bond network surround
these molecules to be perturbed in some sense~compare
Lynden-Bell and Rasaiah@4#!. Further, if such perturbation
prevail, then it is reasonable to expect traces of them to
visible in the probability distributions describing the fre
quency with which the various hydrogen-bond configu
tions occur. The probability distributions of the water mo
ecules atr 54.3 Å distance from the solute are given
Table V. The differences are small between the distributio
describing the hydrogen-bond configurations surrounding
the one hand, theq50 and10.2 solutes and, on the othe
hand, theq520.3 and10.5 solutes. Further, all configura
tions occur roughly as frequently as in bulk water. Also
distances larger thanr 54.3 Å from these four solutes, th
situation closely resembles that of bulk water~compare Figs.
9 and 10!. Thus the disappearance of the second maximum
gSO(r ) for theq520.3 and10.5 solutes does not appear
be associated with any major change in the topology of
hydrogen-bond network outside the first hydration shell.

V. SOLVATION ENTROPY

So far, we have compared spatial and topological asp
of the solvation structures surrounding solutes of differ
charges. We have been particularly interested in differen
in the solvation structures surrounding solutes correspond
to extrema in the solvation entropy. In order to clarify th
relation between the solvation structure and the solva
entropy, we have calculated the solute-water two-body c
tribution to the solvation entropy. Below we first define th
two-body contribution and then we consider the results
different solutes.

The solvation entropy can be defined as

DS5Smixture2Swater2Ssolute, ~8!

whereSsolutedenotes the entropy of a single solute in an id
gas phase,Swater the entropy of the pure water system, a
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Smixture the entropy of the mixture. In the canonical ensem
each of these terms is given by an expression of the typ

S52
k

N!hsE r~p,q!ln r~p,q!dpdq, ~9!

whereN is the number of particles~or molecules!, s is the
number of degrees of freedom of the system,h is the Planck
constant, andk is the Boltzmann constant. The system’s k
netic and configurational degrees of freedom are denote
p andq, respectively, andr(p,q) is theN-particle distribu-
tion function. Integral~9! above can be solved analytical
for the solute term, giving

Ssolute5kS 3

2
2 ln~rsL

3! D , ~10!

wherers is the number density of the solute andL is the de
Broglie wavelength. The integral can however not be solv
analytically for the water and mixture terms; but, using
Kirkwood-type factorization@16# of the N-particle distribu-
tion function, one can rewriteSwater andSmixture as sums over
the partialn-body distribution functions@17,32#. Doing this,
one obtains the following expansion of the solvation entro

DS5Ssw
(2)1DSww

(2)1Ssww
(3) 1DSwww

(3) 1•••, ~11!

where

Ssw
(2)52kNwrsE gsw

(2)ln gsw
(2)dr1kNwrsE ~gsw

(2)21!dr

~12a!

and

Sww
(2)52kNw

rw

2VE gww
(2)ln gww

(2) dr dv

1kNw

rw

2VE ~gww
(2)21!dr dv. ~12b!

Above, rs denotes the number density of the solute,rw the
number density of the water molecules,gww

(2) the two-body
water-water distribution function, andgsw

(2) the two-body
solute-water distribution function. Further,r is the position
of a molecule,v is the Euler angles describing its orient
tion, andV is 8p2. Nw is the number of water molecule
~that is 255 in our simulations!, andk is Boltzmann’s con-
stant. The second term in expansion~11! is the difference
betweenSww

(2) obtained from the mixture and the pure wat
system, respectively. This difference need not tend to zer
Nw tends to infinity. In fact, the following will show that it is
reasonable to expect it to be of the same order of magni
asSsw

(2) ~cf. Ref. @33#!. We have calculatedSsw
(2) from our MD

simulations. The other terms in Eq.~11! were inaccessible
because of the computational resources required.

The full solvation entropy varies bimodally withq, in
contrast toSsw

(2) which has a single maximum atq50; see
Fig. 1. The difference betweenDS andSsw

(2) is due toDSww
(2) ,

and other higher order terms in the expansion~11!. Further,
Ssw

(2) is less thanDS for all except theq50 and10.2 solutes,
e

by

d

,

as

de

for which the converse is true. In this sense one may thus
that theq50 and10.2 solutes enhance the water structu
whereas the other solutes disrupt it. Moreover, as the solu
charge~that isuqu) increases, the difference betweenSsw

(2) and
DS becomes larger. The solute-water correlations thus
crease, whereas the water-water correlations decrease.
may also note thatDS is negative for allq, which is expected
considering excluded volume effects.

The two-body contribution to the solvation entropy can
separated into an orientationalSsw,o

(2) and a radial or nonori-
entational partSsw,r

(2) by writing gsw
(2) as a product,

gsw
(2)5g~r !a~r ,u,f! , ~13!

of the radial distribution functiong(r ) and a function
a(r ,u,f) describing the orientation of the water molecul
@18,32#. The anglesu andf are defined in Fig. 4. Inserting
this factorization ofgsw

(2) into expression~12a! for Ssw
(2) , we

thus obtain

Ssw
(2)5Ssw,o

(2) 1Ssw,r
(2) , ~14!

where

Ssw,r
(2) /kNw52rsE

0

`

dr 4pr 2g~r !ln g~r !

2rsE
0

`

dr 4pr 2
„g~r !21… ~15!

and

Ssw,o
(2) /kNw52rsE

0

`

dr 4pr 2g~r !
1

4pE0

pE
0

2p

3du sinu df a~r ,u,f!ln a~r ,u,f!. ~16!

The radial partSsw,r
(2) , would hence be equal toSsw

(2) if the
solvent lacked orientational degrees of freedom. Furth
provided that the solute did not induce any orientational
der among the water molecules, thena[1 andSsw,o

(2) would
become maximal that is it would become zero and ag
Ssw,r

(2) would be equal toSsw
(2) . The radial and orientationa

parts of the two-body entropy are given in Table VI. One c
note that the orientational part varies approximately parab
cally with q, whereas the radial part has the characteris
bimodal form of the full solvation entropy with maxima a
q520.3 and10.5. Further, for all except theq50 and
10.2 solutes,Ssw

(2) is dominated by the orientational part.
One can break down the orientational and radial contri

tions toSsw
(2) into contributions from different spherical shel

surrounding the solute. The orientational part can, for
ample, be viewed as a sum of contributions,

dS52rsdr 4pr 2g~r !
1

4pE0

pE
0

2p

3du sinu df a~r ,u,f!ln a~r ,u,f!, ~17!

from shells of thicknessdr. In this expressiondS may be
viewed as entropy due to the orientational freedom of a wa
molecule at distancer multiplied by the average number o
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TABLE VI. Different contributions to the solvation entropy in units of Boltzmann’s constantk. Ssw,r
(2)

denotes the radial,Ssw,o
(2) the orientational, andSsw

(2) the total two-body solute-water solvation entropy.SLBR

denotes the solvation entropy read from Fig. 5 in Ref.@4#. SBLL denotes the solvation entropy obtained fro
our expanded ensemble simulation. We have setSBLL equal toSLBR at q50; see Sec. II.Ssw

(2) ,Ssw,o
(2) , andSsw,r

(2)

have been corrected for the systematical error due to noise; see Sec. V. The standard deviation inSBLL has
been estimated by partitioning the simulation in ten parts.

q(e)
21.0 20.5 20.3 0.0 10.2 10.5 11.0

Ssw,r
(2) 212.8 24.4 22.0 23.2 22.9 22.9 27.5

Ssw,o
(2) 230.7 211.6 24.4 23.0 23.3 24.3 212.0

Ssw
(2) 243.6 216.0 26.4 26.1 26.3 27.2 219.5

SLBR 228 28 22 27 28 25 210
SBLL 232.761.9 211.461.4 25.861.0 27 29.060.8 27.261.1 214.361.1
SLBR2Ssw

(2) 115.6 18.0 14.4 20.9 21.7 12.2 19.5
SBLL2Ssw

(2) 110.9 14.6 10.6 20.9 22.7 20.0 15.2
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water molecules at this distance. However, it is not clea
us what the analogous decomposition of the radial p
would mean: There are different contributions from differe
shells to integral~15!, but it is meaningless to say that
region of high density contributes more or less to the entr
than a region of low density. The existence of one pres
poses the existence of the other. For the same reason
appears better to speak about the orientational entropy
tive to the solute associated with one water molecule i
certain solvation shell, than about the total orientational c
tribution from a certain shell, since the latter will be depe
dent on the local density of water molecules in differe
shells. The orientational entropies of water molecules in
first and second solvation shells, and in a spherical shell w
r 54.3 Å, are listed in Table VII.

In order to estimate the accuracy in our determination
Ssw

(2) , several sources of error must be considered. First,

TABLE VII. ContributionsdS to the orientational entropy from
spherical shells of different radiir centered on the solute. The she
are 0.3 Å thick. The radii have been selected so that the sh
coincide with the maxima of the first and second solvation sh
~cf. Fig. 2!. The shells atr 54.3 Å were also considered.dS is
defined by Eq.~17! anddSone5dS/n, wheren is the average num
ber of water molecules in the shell. The entropy is in units
Boltzmann’s constantk and the radii are in Å. The statistical erro
are less than 1% in first solvation shells and less than 4% in
other.

q(e)
21.0 20.5 20.3 0.0 10.2 10.5 11.0

r 2.3 2.4 2.6 3.0 2.9 2.6 2.5
dS 220.2 26.90 22.27 20.55 20.78 21.25 25.73
dSone 23.90 22.88 21.45 20.27 20.43 20.82 21.59

r 4.2 4.3 4.8 4.8 4.6
dS 21.18 20.18 20.07 20.07 20.56
dSone 20.31 20.06 20.03 20.03 20.16

r 4.3 4.3 4.3 4.3 4.3 4.3 4.3
dS 21.35 20.18 20.13 20.19 20.17 20.09 20.24
dSone 20.33 20.06 20.05 20.10 20.08 20.04 20.09
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noise in our estimate of the distribution functiongsw
(2) gives

rise to a systematical error and a statistical error. These
rors were estimated by partitioning the simulation time
intervals of different length (1030.2, 530.4, and 1
32 ns). For each of these intervalsSsw

(2) was calculated via
Eq. ~12a!. The mean value and the standard deviation inSsw

(2)

were then estimated for each partition. The systematical e
due to the noise was estimated as the difference between
mean value of the entropy obtained from the 530.4-ns par-
tition and the entropy obtained from 132-ns partition~see
Table VIII!. We expect this estimate to provide an upp
bound of the systematical error due to the noise. The sta
tical error was estimated using the standard deviation
tained for the 530.4-ns partition~see Table VIII!.

Moreover, in order to evaluate the integrals in Eq.~12a!,
the solute-water configuration space was partitioned into v
umesdV. We have used two different partitions in order
estimate the error due to the fact thatgsw is not constant on
the dV. The first partition has

dV5dr3dcosu3df, ~18!

wheredr50.2, dcosu52/30, anddf5p/30, and the sec-
ond, finer, partition hasdr50.1, dcosu52/60, and df
5p/60. The difference between the results obtained us
the two partitions of the configuration space is listed in Ta
VIII. We estimate that 0.2k of this difference is due the
different systematical errors caused by the noise, and the
is due to the difference in resolution between the partitio

lls
ls

f

e

TABLE VIII. Different errors inSsw
(2) in units ofk. The statistical

and systematical errors due to noise ingsw
(2) are denotedSnoise,statand

Snoise,syst, respectively. The difference betweenSsw
(2) as calculated

using the finer and the grosser partition of the solute-water confi
ration space is denoted bySresol,syst.

q(e)
21.0 20.5 20.3 0.0 10.2 10.5 11.0

Snoise,stat 0.05 0.03 0.04 0.05 0.05 0.02 0.09
Snoise,syst 0.24 0.24 0.24 0.24 0.24 0.24 0.24
Sresol,syst 1.40 0.64 0.34 0.26 0.27 0.32 0.63
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FIG. 11. The two-body solute-water contributionSsw
(2) to the solvation entropy. The integrals in Eq.~12a! have been carried out ove

spheres of radiir centered on the solute. The dashed curves have been obtained using the local form of the solvation entropy@i.e., both terms
in Eq. ~12a!# and the solid curves have been obtained using the nonlocal form@i.e., the first term in Eq.~12a!#. Note that the curves
corresponding to theq510.2, 10.0, and20.3 solutes have been displaced by 3k, 6k, and 9k, respectively.
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We assume that the error due to the finite resolution of
finer partition is less than the difference between the res
obtained from the finer and grosser partitions, respectiv
The error caused by insufficient resolution is mainly due
the fine structure in the first hydration shell, and it increa
with uqu since the more highly charged solutes are mo
strongly correlated with the surrounding water molecules

Considering the different errors in Table VIII, we con
clude that the statistical error due to the noise is less t
0.1 k for all solutes. The systematical error due to the no
decreases the solvation entropy by about 0.2k ~not more
than 0.24 k). The error due to the finite resolution of th
finer partition depends on the solute’s charge; it ranges fr
about 1.2 k for the q521 solute to about 0.06k for the
uncharged solute.

One should also consider the possibility that the relativ
small volume of our simulation cell may influence our es
mate of the solvation entropy. We have evaluated the in
grals in Eq.~12a! over the full simulation cell. This would be
necessary if the nonlocal form of the solvation entropy@34#
was used, and it is still preferable when using the local fo
of the solvation entropy@17# as we have. The reason that it
preferable is that contributions to the integrals in Eq.~12a!
decay relatively slowly with the distance from the solute.
Fig. 11 the integrals in Eq.~12a! have been evaluated fo
spheres of increasing radiusr centered on the solute. It is
clear that the local form of the solvation entropy converg
faster than the nonlocal form. Atr 5L/2 the local form de-
viates less than 0.2k from the value obtained when the in
tegral is evaluated over the full volume.

VI. LIFETIMES

We have calculated the average timet that water mol-
ecules spend inside spheres of different radii centered on
e
ts
y.
o
s
e

n
e

m

y

e-

s

he

solute; see Table IX. More precisely, we have only cons
ered water molecules that spend at least 2 ps inside a g
sphere when calculating the averages. The average life
does not include the 2-ps-long time period necessary for
molecule to be considered. This definition has the advant
that only water molecules that have properly entered a gi
sphere will be considered when estimating the average ti
Molecules at the boundary that have rapidly in and out of
sphere are thus not considered. In the following we w
usethe termlifetime for the average time spent inside

TABLE IX. The average time~in ps! spent by a water molecule
inside spheres of different radii~in Å) centered on the solute.r i

denotes the radius of a sphere enclosing on the averagei water
molecules.t i denotes the average time that water molecules sp
inside this sphere; see the text for an exact definition. The estim
standard deviation is less than two units in the last digit in all ca
except where other is indicated.q denotes the charge of the solut

q(e)
21.0 20.5 20.3 0.0 10.2 10.5 11.0

r 4 2.4 3.0 3.2 3.3 3.3 3.1 2.6
r 6 3.5 3.8 3.6 3.5 3.5 3.5 3.4
r 20 4.9 5.2 5.3 5.4 5.4 5.3 5.1
r 30 5.9 6.1 6.1 6.1 6.1 6.1 6.0

t4 –a 9.6 3.6 4.2 4.0 4.0 21
t6 41b 6.5 4.1 4.8 4.6 4.8 19
t20 17 10 6.6 7.1 7.0 7.6 12
t30 14 11 7.5 7.9 7.7 8.5 13

aThe exchange is so slow that we cannot estimate the lifetime in
case.
bThe estimated standard deviation is 4 in this case.
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sphere of a given radius.
Looking at Table IX, one may first note that the mo

highly charged solutes contract the water structure surrou
ing them. Thus the radius of a sphere containing a fix
number of water molecules decreases as the magnitude o
charge increases. Further, there is a general trend for
lifetimes to increase with the magnitude of the solut
charge, which is equivalent to a slow down of the exchan
of water molecules surrounding the solute with water m
ecules in the bulk. Theq520.3 solute provides an excep
tion: it is associated with shorter lifetimes than both theq
520.5 and 0 solutes. As theq520.3 solute is associate
with a maximum in the solvation entropy, this is perhaps
unexpected. Theq510.5 solute is also associated with
maximum in the solvation entropy, but in this case we o
serve no minimum in the lifetimes. However, for the smal
spheres (r 4 andr 6) one may note that the lifetimes are com
parable to those obtained for theq50 and10.2 solutes.

The q561 solutes are surrounded by well defined oc
hedral solvation shells, and theq520.5 solute by a well
defined tetrahedral solvation shell; see Fig. 6. The aver
times spent inside spheres of radiir 4 and r 6 reflect how
strongly the solute bonds the water molecules in these so
tion shells. Theq521 solute bonds the water molecules t
strongest, theq511 solute the second strongest, and theq
520.5 solute the weakest. One may also note thatt6 is
significantly smaller thant4 for theq520.5 solute, whereas
they are almost equal for theq511 solute. This reflects the
fact that the former of these solutes is tetrahedrally coo
nated, whereas the latter is octahedrally coordinated.

VII. CONCLUSION

We have begun our analysis by considering how clos
our simulation conditions can be thought to mimic infin
dilution. The electric field in the simple cubic Wigner sol
used in the simulations was found to be sufficiently simi
to that surrounding an isolated point charge. By sufficien
similar we mean that one can expect the hydration struct
surrounding solutes at infinite dilution to agree well wi
those obtained from our simulations. The agreement betw
our results and those obtained by Lynden-Bell and Ras
@4# for a smaller fcc system also supports this conclusion

When an ion is inserted into water, it disrupts t
hydrogen-bond network in its vicinity and creates one
several coordination shells. This is what we have obser
for the q521, 20.5, and11 solutes. Insertion of a nobl
gas atom, on the other hand, is not thought to disrupt,
rather to enhance the water-water correlations. We have
culated the solute-water two-body contributionSsw

(2) as well
as the solvation entropyS. The two-body contribution is
larger than the solvation entropy for theq50 and10.2 sol-
utes, which indicates that the water-water correlations
d-
d
the
he

e
-

t

-
r

-

ge

a-

i-

ly

r
y
es

en
h

r
d

ut
al-

re

enhanced by these solutes. For the more highly charged
utes the converse is observed, that isSsw

(2) is less thanS,
which indicates that the water-water correlations are reduc

The topology of the hydrogen-bond network in the fir
solvation shell differs from that of pure water for all solut
studied, although the differences are small for theq50 sol-
ute. Beyond the first solvation shell, the topology of t
hydrogen-bond network closely resembles that of bulk wa
for the solutes with charges20.3, 0, 10.2, and10.5. In
particular, one may note that outside the first solvation sh
we find no significant differences between the topology
the hydrogen-bond network surrounding theq520.3 and
10.5 solutes on the one hand, and theq50 and10.2 sol-
utes on the other hand. The remaining more highly char
solutes~that is, theq561 and10.5 solutes! also perturb
the topology outside the first solvation shell. Neverthele
the change in the number of hydrogen bonds among the
ter molecules outside the first solvation shell is less than
for all of the solutes studied. Theq520.3 and10.5 solutes
are thus not structure breakers in the sense that they re
the number of bonds among the surrounding water molec
more than the other solutes.

The maxima in the solvation entropy correspond to s
utes that ‘‘fit’’ into the hydrogen-bond network in the sen
that they can replace a water molecule and act either a
double proton donor or as a double proton acceptor; tha
these solutes coordinate tetrahedrally relative to two of
four water molecules in the first hydration shell. Relative
the two remaining water molecules, the solutes coordinat
interstitial ~that is nontetrahedral! positions. The fact that
these solutes can coordinate in two different ways to e
water molecule indicates that they have access to a relati
large set of locations within the hydrogen-bond netwo
Separation ofSsw

(2) into an orientational part and a radial pa
shows that the orientational part has a single maximum
q50, whereas the radial part has the characteristic bimo
form of the full solvation entropy with maxima at20.3 and
10.5. The water molecules’ mass centers are thus less
related with theq520.3 and10.5 solutes than with the
others, which is consistent with the notion that these solu
have access to a relatively large set of locations within
hydrogen-bond network.

We have characterized the hydration structures surrou
ing solutes that, in the sense of their solvation entropy, c
respond to the extremes of structure making and struc
breaking. By comparing these different hydration structur
we have attempted to provide insight into how simple solu
such as noble gas atoms and monovalent atomic ions pe
the spatial and topological structures of water. In particu
since we have compared the extremes, we hope that ou
sults place an upper bound on the size of the perturbat
that one can expect.
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