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Hydration of an apolar solute in a two-dimensional waterlike lattice fluid
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In a previous work, we investigated a two-dimensional lattice-fluid model, displaying some waterlike ther-
modynamic anomalies. The model, defined on a triangular lattice, is now extended to aqueous solutions with
apolar species. Water molecules are of the “Mercedes Benz” type, i.e., they pofse&qailateral trianglp
symmetry, with three equivalent bonding arms. Bond formation depends both on orientation and local density.
The insertion of inert molecules displays typical signatures of hydrophobic hydration: large positive transfer
free energy, large negative transfer entréatylow temperatung strong temperature dependence of the transfer
enthalpy and entropy, i.e., largpositive) transfer heat capacity. Model properties are derived by a generalized
first order approximation on a triangle cluster.
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I. INTRODUCTION theory[11] to hydrophobic hydratiof12,13. These studies

The term hydrophobicity1] refers to peculiar thermody- suggest that the hydrophobic effect results mostly from _the
namic properties of the transfer process of an apolar solugMall size of water molecules, and not from water structuring
into water. In such a process, one generally observes lardey the solute. A recent and interesting descendant of scaled-
positive transfer free energy, large negative transfer entrop@@'ticle theory is the information theory approach by Prat
(at room temperatuigand strong temperature dependence ofNd co-worker$14,15, based on previous knowledge of wa-
the transfer enthalpy and entropy, i.e., latgesitive trans- ter properties, such as the pair co_rrelatlt_)n function, obtain-
fer heat capacity. Such anomalous behavior seems to play3'€ either by experiments or by simulations. The latter ap-
central role for relevant phenomena taking place in agueou roacE suggt].ests thatt\)/vater strlfcturllng |ntdfuced dby th_e t_solut(fa,
solutions, such as folding of macromolecules and proteinst‘nOng eXISting, may be scarcely relevant for a description o

and formation of micelles and membrarjéd For example e hydrophobic effect. The simplified molecular thermody-
) : : s an . mOr example, - hamic theory of Ref[9] is essentially in agreement with this
bio-polymers such as proteins contain a significant fractio

f lar chemical diti I blished th hrl:onclusion. On the contrary, different theories stress that the
of apolar chemical groups, and it is well established that thgyye positive heat capacity variation, observed upon inser-

effective attraction between apolar groups, due to hydrophoyon of apolar solutes into water, can only arise from a coop-
bicity, gives an important contribution both to the folding erative phenomenon, that is from induced ordering of water
process and to stabilization of the folded protein. molecules, so that a theory of the hydrophobic effect should

Despite several decades of research, the theory of the hyse based on a description of this phenomenon. It can be
drophobic effect is still incomplete. Different theoretical observed that, at room temperature, hydration of apolar sol-
models have been proposed to explain the anomalous behawtes is energetically favorable but sufficiently unfavorable
ior of water itself and hydrophobic interactions, which haveentropically, with a resulting positive transfer free energy. A
been recognized to be closely related. A straightforward apsimplified way to reproduce this effect is for instance the
proach relies on the application of molecular dynamics orone-dimensional lattice model by Kolomeisky and Widom
Monte Carlo simulation methods to models with more or lesg§16], extended also to two and three dimensifhg. In that
realistic three-dimensional water geomef+7]. This ap- case, entropy penalty is achieved by lowering the large num-
proach is powerful, but has some limitations. First of all, ber of possible orientations of a water molecule, if it has to
large computational effort is needed, and properties involvaccommodate a neighboring hydrophobic solute. Another
ing multiple derivatives of the free energguch as transfer possibility is to give water molecules a geometric structure,
heat capacity, whose behavior is a fingerprint of hydrophoas in the two-dimensional Mercedes BegB) model, first
bicity) cannot be determined easily. Moreover, the amount ofntroduced by Ben-Naim in 197[118]. In the latter model,
different interactions and geometric parameters included invater molecules possess three equivalent bonding arms ar-
the model makes it difficult to find out relevant physical ranged as in the Mercedes logo, and a geometric constraint
mechanisms which determine observable properties. (arm alignment is required for bond formation. An MB

A complementary approach involves investigation of sim-model has been investigated quite recently by Dill and co-
plified models[8-10], with fewer parameters, geometric de- workers by means of several different methods, such as con-
tails, and degrees of freedom. Such models should bettestant pressure Monte Carlo simulatidid®,20], entropy ex-
allow to trace connections between microscopic structur@ansion [21], and integral equation theory22-24. A
and observed properties, while the latter can be usually an&oherent picture of the hydrophobic effect phenomenology
lyzed in full detail, and in a large range of thermodynamichas been worked out, allowing to obtain a microscopic view
conditions, with relatively small computational effort. One of of several anomalous properties of water both as a pure sub-
these attempts is based on the application of scaled-particktance and as a solvent. The latter studies follow the previ-
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ously mentioned idea of simplified models, that nevertheless TABLE I. Possible site configurations, with corresponding la-
are based on well defined microscopic interactions, that igyels(i), multiplicities (w;), and occupation numbers for watex, ;)

on an energy function, without previous knowledge of waterand solute(ns ).

properties. One important reason to do so is the need ¢
modeling water in a computationally convenient way, in or- _— inipty > — = O
der to investigations on complex systems such as biomol i

ecules, for which water plays a key role. i 0 1 2 3 4
According to the same idea, we have recently investigate:, 1 1 1 w 1

[25] a lattice-fluid model of MB type on &wo-dimensional Mo 0 1 1 1 0

triangular lattice, with the aim of reproducing qualitatively ne, 0 0 0 0 1

the thermodynamic anomalies of pure water. Of course, th

lattice allows important simplifications, so that a sufficiently

accurate modeling of water on a lattice may be quite an Il. THE MODEL AND THE EIRST ORDER

interesting issue. Our model Hamiltonian includes Van der APPROXIMATION

Waals interaction and hydrogen bonding, when two nearest

neighbor MB water molecules point an arm to each other. The model is defined on a two dimensional triangular lat-
Bonds can be weakened by the presence of a third competiritge. A lattice site can be empty or occupied by molecules of
molecule, close to the formed bond, to mimic the fact that, ifftwo different chemical species, watéw) or solute(s). A
water molecules are too close to one another, hydrogelater molecule has three equivalent bonding arms, separated
bonds may be perturbed or broken. As far as bonding prop?y 27/3 angles, whereas a solute molecule is assumed to
erties are concerned, the model is equivalent to an earlj@ve no internal structure. Two nearest-neightd) mol-
model proposed by Bell and Lavig6], but the weakening €cules of species,y (with x,y=w,s) interact with an at-
criterion is different, that is, equivalent to the one emponedtraCt'Ve energy fxy.<0' representing ordinary Van der Waals

in quite a recent investigation by Patrykiejew and co-workerd®'c€S- Moreover, if two arms of two NN water molecules

[27,28. Nevertheless, in the latter analysis the possibility Ofpomt to eag:h other, an energy termy< 0 is added, to mimic
nonbonding orientations for water molecules is neglectedthe formation of a hydrogefiH) bond. Due to the lattice
Structure, a water molecule can form 3 bonds at most, and

azngl resergblancz \t,;?trt] r_e?I \évat_er behar\]/lo:j:t_poolr. Ir_' Rtefhas only 2 bonding orientations, when its arms are aligned
[25] we observed that, infroducing such additional orien Awith the lattice. We also assume thetonbonding configu-

tions, which account for directionality of hydrogen bonds, ra4iqns exist, wherev is a model parameter, related to the H
the lattice model describes several anomalous properties @fyng breaking entropy. The H bond is weakened by an en-

pure water in a qualitatively correct way. Here we extend the\(_:,rgy termc,7/2 (c, €[0,1]) when a third molecule ok
model to the case of an aqueous solution, working out SOI'species is on a site near a formed bond. In the triangular

vation thermodynamics for an inef@polay solute. The  |a4ice there are 2 such weakening sites per bond, so that,

analysis is also extended to transfer properties of water in it§ o both are occupied bymolecules, the H bond contrib-
own pure liquid. Our purpose is to verify whether this simple o5 an energy @ —c,) 7. The resulting water-solute interac-
model, which nevertheless accounts for the competition bef

i van der Waals int i d hvd bonding i ion has two components: The nonorientational Van der
ween van der Waals interactions and nydrogen bonding IRy, 15 term <ys and the weakening terry /2. The latter,
almost the same way as the off-lattice MB model, may b

Swhich is an effective 3 body interaction, can be viewed as a

| dicul IS0 | fiaate how th del d c[5erturbati0n effect of the solutenca H bond between two
ity. In particular, we also investigate how the model de-; - "\ oiacules.

scribes the solvation process at a microscopic level, by com-" o\’ rite the model Hamiltonian. In order to introduce

partlng thle a\Terr;g(Cei numbgr %f hyd:jo_getr_] po?ﬁs Jolr&ned the first order approximation, it is convenient to express it as
water moleculeshydrogen bond coordinatigin the bulk or a sum over elementary triangles:

in the hydration shell. We shall carry out the analysis by

means of a generalized first-order approximation on a tri- 1
angle cluster, which has been verified to be quite accurate for H== D Hii i (1
the pure water mod€dR5]. 20

The paper is organized as follows. In Sec. Il we define the
model and recall the first-order approximation. In Sec. Ill wewhere H;;, is a contribution which will be referred to as
introduce the thermodynamic quantities used to characterizgiangle Hamiltonian, andl,,i,,i,» label site configurations
the solvation process, and compute them in the framework dor the 3 vertices ,r’,r”, respectively. Possible site configu-
the model. In particular, we analyze transfer quantities for amations are(see Table )t “empty” (i=0), “bonding water”
inert molecule, comparing them to the case in which hydro{site occupied by a water molecule in one of the 2 orienta-
gen bonding interaction is “turned off.” Model predictions tions which can form bonds:=1,2), “nonbonding water”
about solvation of water in its own pure liquid are also re-(site occupied by a water molecule in one of therienta-
ported. In Sec. IV we investigate hydrogen bond coordinations which cannot form bonds=3), “solute” (site occupied
tion, drawing a comparison with the results of the off-latticeby a solute moleculei=4). Even if all configurations have
MB model. Section V contains some concluding remarks. unit multiplicity, excepti=3, it is convenient to introduce a
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generic multiplicity parametew;, defined as in Table I. The 4 4 Pik + Puc + Pi
triangle Hamiltonian can be written as pi=> > ijk—”—ég. (6)
=0 k=0
Hij = Hije + Hjia + Hyj. ()
The latter turns out to be convenient, in that it gives rise to
where iterative (fixed poind equations which preserve homogeneity.
Hij = = €gNyillyj = 7 (1 = Gy ), 3) The energy part in Eq5) is given by the modified Hamil-

) ] ] ] ] . tonianH;j, defined as
ny; is an occupation variable for thespecies, defined as in
Table |, whileh; =1 if the pair configuratiorti, j) forms a H - M+ Ny i+ Ny
bond, andh; =0 otherwise. Conventionally, repeate@ndy Hik = Hij — Mx—3]— (7)
indices are summed over their possible values. Let us
notice that triangle vertices are set on three triangular subla
tices, sayA,B,C, andi,j,k are assumed to denote configu-
rations of sites placed oA, B, C sublattices respectively. As-
suming also thatA,B,C are ordered counterclockwise on T 3
up-pointing triangleswhence clockwise on down-pointing Pijk = & €I (PP 7 (8)
triangleg, we can definen;=1 if i=1 andj=2 andh;=0
otherwise. Let us also notice that both Van der Waal
(—eqnyinyj) and H bond energieé-7h;), that are 2-body
terms, are split between two triangles, whence the 1/2 pre
actor in Eq.(1). On the contrary the 3-body weakening terms
(mhijceny /2) are associated each one to a given triangle, an
the 1/2 factor is absorbed in the prefactor. Let us denote th
triangle configuration probability by, and assume that the
probability distribution is equal for every triangl@o dis-
tinction between up- or down-pointing triangle$aking into
account that there are 2 triangles per site, we can write the
following expression for the internal energy per site of an
infinite lattice

Yhe minimization ofw with respect to{pjj}, with the nor-
malization constraint, yields the equations

é/vhereg is a normalization constant. Such equations can be
solved numerically by simple iteratiofinatural iteration
f;_nethod[29]). As a result, we obtain the triangle probability
values at equilibrium, from which one can compute the ther-
al average of every observable. The substitution into Egs.
54) and(5) gives respectively the equilibrium internal energy
and free energy, and, by the way, it is possible to show that

w=-TIné. 9

[ll. SOLVATION THERMODYNAMICS

4 4 a Let us first introduce the thermodynamic quantities, gen-
- AN T T erally used to describe solvation from a macroscopic point of
e go g,w'ijkp”kH”k' @ View, which we shall evaluate for our model in the following.
The physical process we are interested in is the transfer of a
The multiplicity for the triangle configurationii,j,k) is  componen{x=w,s) into a water-solute mixture, with solute
given byww;wi, wherew; is the previously mentioned mul- density tending to zero. According to the Ben-Naim standard
tiplicity parameter. [30], this process is well characterized by variation of the
The details of the finite temperature analySiS of the mOdelpseudochemica| potenti@l;’ related to the Ordinary chemi-

by a generalized first order approximation on a triangle clusca| potentialu, of the given component by
ter, follow the previous papd25]. Not being interested in

symmetry broken phasdie), we introduce a homogeneity Uy = i+ T log py. (10)
condition since the beginning, after which generalization is

trivial. The grand-canonical free energy per si@&=u | et us notice that, in the latter term on the right hand side,
— uxpx = TS (ux andpy being respectively the chemical poten- the momentum partition function is missing, due to the fact
tial and the density, or site occupation probability, for #he that we are dealing with a lattice mod@0]. The solvation
species,T ands being respectively the temperature and thefee energy per moleculdg;, is defined as the difference
entropy per sitg can be written as a functional in the triangle petween pseudochemical potential values of a molectite

probability distribution as the ideal gas phadg) and in the liquid phasé). For prac-
4 4 4 4 tical purposes, the differences between ideal and real gas can
PEDIIDS W, Wiy (Fij + T I pyg) — 2T>, wip; In p;, be generally neglectg®0]. For a molecule of specieswe
i=0 j=0 k=0 i=0 then have
(5 . .
Agx = /’Lx(l) - /’Lx(g)' (11

where T is expressed in energy unitsvhence entropy in

natural unit$. It is noteworthy that the only variational pa- where ,u;(') and ,u;(g) are pseudochemical potentialsofin
rameter inw is the triangle probability distribution, that is the the liquid and gas phases, respectively. Now, if liquid and
125 variablegp;j}, becausep; (the site probability can be  gas phase coexist in equilibrium, as usual in experiments, the
expressed as a marginal. According to the homogeneity hyerdinary chemical potentials of in both phases must be
pothesis, we can use the symmetrized expression equal, and by simple algebra we obtain

051502-3



BUZANO, DE STEFANIS, AND PRETTI PHYSICAL REVIEW E1, 051502(2005

() ®

30 T T T T

Ag,=-Tin 2%, (12) n|
Px : 'Ta’lo;..--;ee':gl
wherep(x') andp(xg) are respectively the species densities in 3 % .12 e T e : e
the liquid and in the gas. Derived quantities, of interest in 4 ola" - ™ .
experiments, are the solvation entropy sl
* 220 @
* &Ag 195 * E
As,= - —=X| , 13 < m} ‘.
L 9 S
] T 120 .
the solvation enthalpy } 5 | ..
70 | .
Ah, = Ag, + TAs,, (14) — i I
0.65 0.70 0.75 0.80 0.85 0.90 [} 50 100 150 200 250 300
and the solvation heat capacity Temperature Temperature (°C)
. &Ah; FIG. 1. (a) Solvation energie$E/ €,,,) vs temperaturéT/ €,,)
Cpx = : (15) for an ideal inert molecule in water at liquid-vapor coexisteriee:
aT |p

=Ag, (solid line, E=TAs, (dashed ling and E=Ah; (dashed-
Let us notice that, in principle, we should distinguish be-dotted lind. (b) Corresponding experimental data for transfer of
tween a constant pressure derivatias stated by definition  argon into watef30]. (c) Solvation heat capacitfAc;) vs tempera-
and a temperature derivative taken along the liquid-vapoture(T/e,,,) for an ideal inert molecule in wate(id) Corresponding
equilibrium curve. In particular, we could not even use Eg.experimental data for transfer of argon into wd@®]. Thin lines in
(12), because we would move out of the equilibrium curve,(@ and(c) denote solvation quantities in nonbonding weltgr 0).
at which the ordinary chemical potentials are equal. Never-
theless, we have computed numerically both kinds of derivatemperature of maximum density for pure liquid watand
tives, and verified that the difference between the two sets of/¢,,,=0.90 (about half way between the previous tempera-
results cannot even be appreciated at the scale of the graptise and the critical temperatyreRemarkably, it turns out
reported in the following. This point is in agreement with the that the model, despite its simplicity, displays the defining
experimental observations of R€80]. Let us notice that the features of the hydrophobic effect: the solvation free energy
difference increases upon approaching the critical point, bu positive and large, while the solvation entropy is negative
this region is generally out of the experimentally interestingat low temperatures and becomes positive upon increasing
range, so we do not report the corresponding results. temperature; the heat capacity is positive and large, and also
Let us start studying solvation of an inert molecule inthe decreasing trend with temperature is essentially repro-
water. We set water parameters as followge,,=3, Cy duced. The increasing trend at high temperature is related to
=0.8, andw=20. As shown in our previous analydig&5], the the fact that we are approaching the liquid-vapor critical
this choice corresponds to a waterlike behavior, with apoint. Negative solvation entropy at losoom) temperature
liquid-vapor critical point afT/e,,,~1.18, and with a tem- is a clear indication that solute insertion into the mixture
perature of maximum density for the liquid arouide,,, ~ orders the system. The corresponding positivefavorable
~0.67 at low pressure. Solvation thermodynamics conceptsontribution to free energy compensates a nega(iaeor-
introduced above are independent of density of componentsble enthalpic contribution, giving rise to a positive solva-
in the mixture. We choose to let solute density assume vertion free energy. At higher temperature, enthalpic and en-
low values with respect to water densitglilute solution tropic contributions change sign, but they still have the same
limit), in order to compare with experiments. The “inert” compensating trend. As observed in experiments, the model
nature of the solute is described, in the model framework, byredicts two different temperaturd$, and Tg at which the
setting to zero the solute-solute,s) and water-solutée,) transfer enthalpy and entropy vanish, respectiyebe Fig.
Van der Waals interaction energies. At the moment, we alsd(b)]. This behavior is to be ascribed to the thermodynamics
set the weakening parametey to zero, assuming that the of H bonding and, in order to rationalize this fact in the
ideally inert solute does not weaken H bonds in its neighbormodel framework, let us also analyze transfer quantities for
hood. The effect of nonzero values for this parameter, whiclihe casep=0, i.e., turning off H bond interactiorisee Figs.
may describe for instance a volume interaction, resulting in d(a) and Xc)]. As expected, the results are similar in the high
perturbation of the geometiand hence of the energpf H temperature regime, where there is a high probability that
bonds, will be taken into account later. The temperaturénydrogen bonds are broken by thermal fluctuations, whereas
trends of the free energy, entropy, and enthalpy of transfethey change more and more dramatically upon decreasing
are given in Fig. (a); the transfer heat capacity in FigicL ~ temperature, and in particular the regions of negative transfer
In order to compare with experimental d4&0], all quanti-  entropy and enthalpy completely disappear. These facts con-
ties are evaluated at liquid-vapor coexistence. For the peffirm that H bonding is the key element for system ordering,
fectly inert solute, we have verified that concentration doesipon insertion of an inert molecule. Accordingly, also the
not affect the results at all. To represent roughly the experidivergentlike trend of the heat capacity upon decreasing tem-
mental temperature rangketween 0 °C and 300 9Cwve  perature(related to the fact that the liquid phase is approach-
report model results betweeW ¢,,,=0.65 (just below the ing a stability limit[25]) is suppressed. The process is now
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FIG. 2. (a) Solvation energie$E/ ¢,,,) vs temperaturéT/¢,,,) for a water molecule into pure liquid water at liquid-vapor coexistence:
E=Ag; (solid line), E=TAs; (dashed ling and E=Ah; (dashed-dotted line (b) Corresponding experimental ddta0]. Thin lines in(a)
denote solvation energies for nonbonding wdter 0).

completely dominated by the transfer enthalpy, with a large IV. HYDROGEN BOND COORDINATION

n itive transfer fr ner n itive transfer en- . . .
and positive transfer free energy, and a positive transfer e So far, we have always considered an ideal, perfectly inert

tropy. The transfer quantities behave qualitatively as those . ) . .
observed in solvation experiments of noble gas molecules i c_>|ute, setting to zero all interactions with wategs, ¢;) and

ordinary liquids[30,31, and are relatively independent of With itself (ess). Now we investigate the role of the; pa-
temperature. In fact, withy=0, a water molecule can be rameter, representing the fact that also a solute molecule may

viewed as a nonpolar molecule with Van der Waals interach@ve & weakening effect on H bonds in its neighborhood. Let
tion energye us recall that, in our model, the presence of too many water
ww*

Let us now consider also the solvation of water in its Ownmolecules close to one another weakens the H bond strength,

pure liquid. The corresponding transfer energies obtained bifrough thec,, parameter, to mimic the fact that too low

the model are displayed in Fig(&, where we have reduced average distance is unfavorable for H bonding. On the con-
the temperature interval, in order to compare with availabld'@"y: & differentlower) weakening parameter for the solute,

experimental resulti0], reported in Fig. ). In contrast to mig'ht represent a different perturbation of H bonds, related
the inert molecule case, here the absolute values of solvatidR", instance to excluded volume. Anyway, the solute weak-
free energy and entropy are considerably lower and the erNiNg parametecs is a way of tuning the degree of water
thalpy, rather than the entropy, dominates the solvation pro2rdering induced by the solute. ,

cess, and all quantities are relatively independent of tempera- !N Order to characterize this effect, together with the role

ture. These features characterize a regular transfer proce&, Cs» 1€t us investigate H bond coordination, that is, the
like the solvation of an ordinary fluid molecule from a gas @Verage number of hydrogen bonds per molecule. In quite

phase into its pure liquid phase. In this case, upon removinffcent papers, Dill and co-workefs9] suggested, on the
H bond interactiong[thin lines in Fig. 2a)], very little asis of their off-lattice MB model, that this parameter is the

changes are observed in the solvation energies, except &PPropriate one to rationalize the temperaflizat which the
very low temperature, where we are approaching the stabilit ansfer entropy vanlsh_es. In particular, they'd|st|ngU|shed
limit for liquid water [25]. Let us discuss two issues about P&tween H bond coordination for molecules in bulk water
these results. First, the fact that so little changes are caus@fd in @ hydration shell. We can evaluate analogous param-

by turning on or off H bonds can be rationalized on the basi€ters also for our model, in the framework of the first order
of the microscopic model interactions. The insertion of a@PProximation. Each water molecule can form bonds with

water molecule into pure liquid water should imply in prin- NN molecules only, therefore it is necessary to compute the

ciple the formation of new H bonds, but the model is suchloint probability distributions of a given site with its 6 NNs
that insertion of a new water molecule also weakens other Hf€xagon probability distributionAccording to the Husimi
bonds in its neighborhood, and the two effects nearly comlattice formulation of the first order approximation, it is easy
pensate each other. Second, let us notice that solvation elp see that only certain triangle correlations are taken into

thalpy decreases upon increasing temperature, that is, tfRecoUnt, as shown schematically in Fig. 3. Therefoée-

solvation heat capacity is negative, in contrast with experiind the central site configurations angd..ig the NNs con-

ments. We do not have an explanation for this fact, but wdigurations, the hexagon probability distribution reads

can observe that an analogous effect is observed when the

model is reduced to describe a regular solvation process, that P i = m (16)

is when H bonds are turned off. This suggest that there is ol 16 p. 2 '

probably a limitation of the lattice description, that anyway °

has nothing to do with the peculiarities of water. The effect isWe shall evaluate bond coordinations according to this fac-
guantitatively small, so that it is hidden by other large en-torization, which, let us notice, is perfectly consistent with
thalpic and entropic effects observed in the case of hydroeur approximation scheni82]. Let us consider a water mol-
phobic solvation. ecule in a bonding configuration, for exampkel. It is not
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4 4
P1= 2 2 WiWiDsjk, (22)
§=0 k=0
4
K P12= > WP (23
5 ’ k=0

In fact, the central molecule, in the givéa1 configuration,
can form bonds along its 3 arms. Therefque, is the prob-
ability that a bond is formed along given arms, while(p;

5q ; - 7
FIG. 3. Site labels for the hexagon probability distribution. ~P12)” " iS the probability that bond is not formed along the
Thick lines denote triangles for which correlations are taken intof€maining 3'q arms. The prObab!“ty factorizes, because
account. arms lie on different triangles, which are uncorrelated, ac-

cording to Eq.(16). The binomial coefficient accounts for

necessary to consider also the otfier2) bonding configu- dlfiere_nté:hm?esthoq fbo?(tjs ;IO?E 3 alr]ms,twhlle _tfhe ddsn??l—

ration, due to the fact that the liquid phase is isotropic,na or IS cue to the fac g (Nough not specied by the
whereas we do not take into account nonbonding configurarJOtat'on’ is a condiitional probablllty,' with respecp to th? pres-
tions (i=3), because in that case the probability of forming aence of a central water molecule in tiel configuration.

bond is zero. Bulk and shell coordinations can be writtenThe joint probabilityPq g can be evaluated in similar way

5 16

respectively as _ (3>~ﬁ12q(bl_512)3_q o
3 ™ \g P’
(@s = 2 9Pqe; (17) where we have to assume that no solute molecule is present
=1 in the neighborhood, that is
3 3 3
(@s= > qPys, (18) P = 20 kE_OWjWkpljka (25)
=1 =

where Pyg, or Pys respectively, is the probability that the 3

given molecule formg bonds, given that its NN sites host P12= 2 Wik = P12~ Proa (26)
no solute moleculetbulk watep or at least one solute mol- k=0

ecule(hydration shell. Working in the infinite dilution limit,  Finally, the probability that no solute molecule is in the

the probability of configurations with more than one NN nejghborhoodbulk condition can be written as
solute is actually a small corrections over the probability of -3
_P

having just one solute molecule. Making use of the Bayes = 27
theorem, the bulk conditional probability can be rewritten as B p,°

Pys In the work by Dill and co-worker§19], at low tempera-
Pyjs = T:L (19 tures, H bond coordination for shell wat@f)s is greater than
B H bond coordination for bulk wat€ig)g. Such a behavior is
whereP, g is the probability that the central molecule forms reversed at high temperatures, where H bonds are preferably
q bonds,and that its NN sites host no solute molecules, formed by bulk water, and a “crossing temperatuig”is
while Pg is simply the probability that the NNs host no sol- observed, at whickg)s=(g)g. Such temperature turns out to
ute molecules. Making use also of the total probability theo-be approximately equal to the zero entropy temperaligre
rem, the shell conditional probability can be rewritten as  (at which As;:O), so that quite a general relationship be-
tween H bond coordination and transfer entropy is conjec-
Pz Pgs_ Pq=Pqgs (20) tured. Let us analyze what happens in our model. First of all,
let us observe that the range of values of H bond coordina-
tion is generally much lower than the maximum value of 3 H
where P is the total probability that the central molecule bonds, which can be formed by a single water mole¢sée
forms q bonds. Fig. 4). Maybe this fact is a peculiarity of the lattice model,
We can now evaluate the required probabilities, makingn which H bonds can be formed just along given directions.
use of the factorizatio(il6). First of all, it is easy to see that As far as temperature dependence is concerned, we can have
in principle four different behaviors, upon varying the weak-
ening parametet,. At low cg values, we havéq)s>(q)g at

- (3) P12 (PL— P12 21)
9 \q P> ' all temperature$Fig. 4@]. Upon increasings, the differ-
ence between bulk and shell coordination is progressively
where reduced and, for sufficiently largg values, we can observe
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g 0.76 I i FIG. 5. Weakening parameteg vs crossing temperaturg,, at
T 069 F - which (q)s=(q)g (empty circles, solid lineand vs zero entropy
é 062 b ~. i temperaturelg, at whichAs;:O (filled circles, dashed line
0.55 tended the model to describe aqueous solutions. Water
0.85 ’ ‘ ’ ’ molecules are of the Mercedes Benz type, with three equiva-
0.78 F © lent bonding arms, while solute molecules have no internal
degrees of freedom. We have performed our calculations by
0.71 1 T means of a generalized first-order approximation on a tri-
0.64 | 8 angle cluster, which requires small computational effort, and
057 | i had been shown to be quite accurate for the pure water
) model. We have addressed the issue of dilute solutions of
0.50 | inert (apolay solutes, that is, the hydrophobic effect, and we

have investigated thermodynamic equilibrium between liquid
065 070 075 080 085 090 and vapor, working out solvation quantities in this case. It
Temperature turns out that the model qualitatively reproduces peculiar
features that are believed to be the fingerprints of hydropho-
bicity. The solvation free energy is positiyenfavorable sol-
vation), while entropy and enthalpy are negative at low tem-
peratures and positive at high temperatures. The solvation
heat capacity is large and decreases upon increasing tempera-
a crossing temperaturg;, such thai{g)s>(q)g for T<T;  ture. The model results compare qualitatively well with ex-
and(q)s<<{q)g for T>T, [Fig 4(b)]. This behavior is similar perimental results about solvation of noble gases into water.
to the one found by Dill and co-workers. Increasiagfur- We have investigated the effect of H bonding, by compar-
ther, we can also observe a more complicated behavior, img the previously mentioned results with those obtained by
which a second crossing temperatdig<T, appears, such setting to zero the H bond energy. In this case, we have
that the conditior{q)s<{q)g, previously observed at high obtained transfer quantities that approach the ones computed
temperature, is restored far<T, [Fig. 4(c)]. Nevertheless, With H bonds at high temperatures, but that largely deviates
the latter region is very close to the stability limit for the from them upon decreasing temperature, that is, in the region
liquid phase, which would be very difficult to reach in a real were H bonds begin to dominate. In particular, we have ob-
system. Finally, for very higlcs values, a fourth different served that, while disaffinity between solute and solvent re-
behavior is observed, in whictg)s<(q)s at all tempera- mains(the solvation free energy is still positiyesuch dis-
tures. All possible scenarios are summarized in Fig. 5, wher@ffinity is mainly of enthalpic nature. Both the enthalpy and
the crossing temperaturdg, T/, are displayed as a function entropy of solvation remain positive at all temperatures, so
of the weakening parametey. As a comparison, in the same that also the typical strong temperature dependence, ob-
figure, we have also reported the zero entropy temperatui@erved on hydrophobic solvation, disappears. _
Ts It can be easily observed that, while H bond coordination N order to check the model, we have also investigated
is strongly dependent gy, the transfer entropy turns out to Solvation of water into water at liquid-vapor equilibrium, for
be a much more “robust” effect, and tfig temperature has Which experimental data are available. We have found quali-

only a relatively slight dependence on the weakening paranfative agreement in the values of solvation free energy, en-
eter. tropy and enthalpy, though there is some discrepancy in the

temperature dependence of enthalphy, which indicates a
negative solvation heat capacity, in disagreement with ex-
V. CONCLUSIONS periments. Though not reporting details in the paper, we have
verified that this fact is neither to be related to the approxi-
In this paper we have considered a two-dimensional wamation of the ideal or real gas phase, nor with the tempera-
terlike lattice model, which we had previously shown to re-ture derivative approximation, mentioned in Sec. Ill. On the
produce thermodynamic anomalies of pure water, and exeontrary, we have observed that the same kind of discrepancy

FIG. 4. H bond coordination for a shell water molec(®lid
line) and a bulk water moleculédashed ling vs temperature(a)
¢cs=0, (b) cs=0.37, and(c) c;=0.405.

051502-7



BUZANO, DE STEFANIS, AND PRETTI PHYSICAL REVIEW E1, 051502(2005

can be observed in the case of zero H bond energy, that iparameter, which, in our model, is a way of tuning the degree
for an ordinary(Ising) lattice gas. Therefore, we suggest thatof water ordering induced by the solute. We have observed
the discrepancy is to be related to an intrinsic limitation Ofthat such parameter strong]y affects the behavior of H bond
lattice modelling. The effect is relatively small, so that it is coordination, and in particular the “crossing temperatiig”

completely invisible, when the dominant effect of H bonding 4 \yhich shell and bulk coordinations become equal. On the

is turned on. C
Finally, we have computed the average number of Hcontrary, the zero entropy temperatdrg which is actually
bonds for,med by a single water molect bond coordina- one of the striking features of the hydrophobic effect, is quite

tion), both when the molecule is placed in the first hydration "OPUSt” and relatively independent of the weakening param-
shell of a solute moleculeshell coordinatiopy and when it is eter. Two questlo_ns arise from t_he observed beh_aV|or. On tr_le
not (bulk coordination. According to Dill's Mercedes Benz ©n€ hand, we might suspect either that the lattice model is
model, these two parameters seem to be closely related to ti§€finitely too simple to capture the microscopic physics of
solvation entropy. In particular, negative solvation entropieghe hydrophobic effect, or that the approximation level is
(low temperaturescorrespond to higher shell coordination, insufficient. On the other hand, the “robustness” of the zero
while positive solvation entropies correspond to higher bulkentropy effect might also suggest that the simple relationship
coordination. We have tried to verify whether the same effecbetween the balance of bulk and shell H bonds and the zero
could be observed in our model. The answer is basically noof transfer entropy, proposed by Dill and co-workers, could
but some interesting observations can be done. We have pdre model-dependent, and ought to be verified more carefully.
formed the investigation upon varying the solute weakeningNe plan to investigate such issues in future works.
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