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A simple molecular thermodynamic theory of hydrophobic hydration
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A recently developed microscopic model for associating fluids that accurately captures the
thermodynamics of liquid watdiTruskettet al, J. Chem. Physl1l, 2647(1999] is extended to
aqueous solutions with nonpolar species. The underlying association model incorporates the highly
directional and open nature of water’s hydrogen-bond network, and, as a result, captures a number
of the distinguishing properties of liquid water, such as the density anomaly. The model for aqueous
mixtures developed herein predicts many of the thermodynamic signatures of hydrophobic
hydration without resorting to empirical temperature-dependent parameters. The predicted solubility
of nonpolar species is slight over a wide range of temperatures, and exhibits a minimum as a
function of temperature, in accord with experiment. Hydration is opposed by a dominant entropy
and favored by the enthalpy at low temperatures. At elevated temperatures these roles are reversed.
Furthermore, the hydration entropies for hydrophobes of varying size converge over a very narrow
temperature range. Comparison with experimental and simulation data for nonpolar solutes in water
shows that the theory tends to exaggerate the solute’s transfer heat capacity at low temperature, and
hence solubility minima and entropy convergence are predicted to occur at lower temperatures than
observed. Our results support the emerging view that hydrophobic effects can be attributed in large
part to the equation of state for pure water. 2002 American Institute of Physics.

[DOI: 10.1063/1.1436479

I. INTRODUCTION larly undergo hot and cold denaturatibhwhile ionic and
nonionic surfactants display a minimum in their critical mi-
The meager solubility of nonpolar hydrophobic mol- celle concentrations with respect to temperaftirepggest-
ecules in water is upheld as the primary thermodynamic driving a common underlying mechanism. Careful analysis of
ing force for a number of important aqueous solution phethe experimental entropies of hydrocarbon hydration as a
nomena, including the environmental fate of pollutants,function of temperature reveals that these curves intersect at
surfactant micellization, biological membrane formation, andan entropy close to zero at approximately 385 #* The
the folding of globular proteins:® Beyond the adage “oil coincidence of this entropy convergence temperature with
and water do not mix,” molecular-scale hydrophobic effectscomparable behavior in protein unfolding has been taken as a
are associated with a number of key thermodynamighermodynamic foundation for the hydrophobic core model
fingerprints! Dissolution heats determined from calorimetric for protein folding. The ability to predict and reproduce the
studies indicate that unfavorable entropies of transferringeatures described above may be considered essential for
nonpolar gases into water dominate hydration free energiegodels of hydrophobic effects involving simple solutes.
at room temperature, and are only partly compensated by Traditionally, it has been argued that hydrophobic effects
favorable dissolution enthalpies. These entropies and enthalesult from the orientational constraints in the hydration shell
pies are strongly temperature dependent, as indicated f a nonpolar solute as a result of water’s attempt to maintain
large positive transfer heat capacities. At elevated temperahe integrity of the hydrogen-bonding network by forming
tures, the roles of entropy and enthalpy are reversed, witBlatharatelike structures or microscopic “icebergS.While
unfavorable enthalpies dominating hydration free energiesproviding a convenient language for discussing hydrophobic
partly compensated by favorable entropies. The resultingiydration, this interpretation does not resolve the relative
solubilities of nonpolar gases are nonmonotonic, passingnagnitudes of the opposing enthalpic and entropic contribu-
through a minimum between 310 and 350 K. Proteins simitions, and belies the richness of their temperature dependen-
cies. Experimental probes of vicinal water structure are
aAuthor to whom correspondence should be addressed. Electronic maifCarce, in large part because of the low solute concentrations
pdebene@princeton.edu involved!®~2! The structures that have been measured sug-
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gest that while water adopts orientational preferences in thdrophobic hydration without resorting to empirical tem-

hydration shell of nonpolar moieties, the solute inducedperature dependencids® or treatments of hydrogen-

structure in water is somewhat more disordered than that ibonding®®®* demonstrating that a realistic EOS for water

ice or clatharate hydraté8-2° provides a sound and natural foundation for describing aque-
To date, molecular level investigations of hydrophobicous mixtures with nonpolar molecules. Moreover, the present

hydration have been mostly theoretical and computheory is not limited to infinite dilutioff and can potentially

tational?>~*? Extensions of scaled particle theory to hydro- impact the prediction of the phase behavior of oil-water

phobic hydration, for example, have provided a moleculamixtures at finite concentrations.

ra_tionale fgr the applicatio_n of surface area models down 1O THEORETICAL DEVELOPMENT

microscopic length scalé$-*®The correlation between mac-

roscopic and microscopic surface tensions, however, ié. Derivation of the mixture partition function

contentious due to differences in their temperature depen- | 5 preceding study, a statistical mechanical model of
dencies: Water structure and orientational preferences in theyssociating fluids was propos&dThe resulting EOS cap-
vicinity of hydrophobic species has been connected to th@,res many of water’s thermodynamic anomalies., nega-
characteristic entropies of hydrophobic hydration through th§jve thermal expansion, compressibility minima, increase in
application of a statistical mechanical correlation functionthe jsobaric heat capacity upon cooling, liquid—liquid phase
expansion for the entropy.:**~>*More recently, information  transition with remarkable success. The theoretical premise
theory (IT), with roots in Pratt—Chandi# and Gaussian of this model is to treat the formation of a hydrogen-bond in
field theory?® has provided a quantitative link between the detail, and to incorporate, in an approximate fashion, the
microscopic density fluctuations determined from water oXy-cooperative consequences due to the directionality of the
gen pair correlations and the hydration free energies of hargonds. In particular, a pair of water molecules participating
solutes. More importantly IT implicates the density and iso-in a hydrogen-bond must posses mutually favorable orienta-
thermal compressibility of water+racroscopic equation of tions and a sparse low-density environment in the vicinity of
state properties-as dominant factors in hydrophobic hydra- the bond. The basic physical attributes of the hydrogen-bond
tion. In addition to capturing temperatdfeand pressufé  are summarized as followsee also Fig. jt
effects associated with hydrophobic hydration and interac- (1) One of the two interacting water molecules, denoted
g;:_ns, IfT providles an e?‘p'a.”aﬂ"” of the slightly grer:;ter Si.dﬁ'as thecentral water moleculemust be surrounde& by an
ility of nonpolar species in heavy water compared to light . . .
water as a result of differences in the isothermal compress?r:(igh\’;vséon shelbf rad'lusrw, devoid of any other water;. In i
I . y the theory incorporates, albeit in a schematic fash
ibilities of these two solvent¥: Although IT is a useful and ion, the fact that the tetrahedral arrangement of a fully
original approach fo.r Fhe analysis .an,d interpretation of SOI'I‘lyd'rogen-bonded molecule and its four participating neigh-
vg_tlon phenomena, it is not a predictive theory for the SOIu'bors results in an open, low-density environment, in contrast
bility of nonpolar solutes. with the 12-fold coordination of atomic liquids.

Eq_uations of _state(EO_S can accurately d_escribe the (2) A hydrogen-bonding pair of water molecules must be
solubility of water in organic liquids, yet they fail to capture separated by a distance, that lies within thehydrogen

the solubility of nonpolar_solutes in watée.g., hydrocar- bonding shell r,,<r<r.q, of the central water molecule.
bons or gg?sg]onmonotomc temperature dependence of thepe yidth of this shell represents the librational degree of
solubility. In light of IT considerations, it appears rea- freedom of a hydrogen-bond.

sonable that an appropriate starting place for developing an (3) The bonding pair must have mutually favorable ori-
accurate EOS model for the dissolution of nonpolar soluteg,tations. such thap, and g,< ¢* .

in water would be an accurate EOS for water itself. Typi- (4) The presence of additional water molecules in the
cally, engineering EOS for water must rely on ad hoc tem+,, 4ragen-bonding shell “crowds” and weakens the existing
perature dependent parameterizations to accurately mOdSi/)nd. An energy of- &4 is assigned to a solitary bonding

the liquid state anomalig®.g., negative thermal expansjon pair, with a penalty of ., for each nonbonding molecule in
limiting potential physical insights as well as predictive ca-ine spell.

pabilities. Recently, however, Truske¢t al. developed a
new partition function and EOS for wat&rA key feature of
their theory is the incorporation of a positive correlation be-
tween entropy and density in the vicinity of a hydrogen-
bonded molecule. This schematic and simplified incorpo
ration of the cooperativity of hydrogen-bond formation cap-
tures many of the characteristic anomalies of liquid waterQ(N,,,V,T)=(Ny! Avaw)*l(V_NWbW)NW
including the density maximum at 4 °C and isothermal com-

These hydrogen-bonding criteria in conjunction with the
mean-field approximation for dispersion interactions, and the
van der WaalgvdW) prescription for excluded volume inter-
actions lead to the following expression for the partition
function for water (v),

pressibility minimum. In this work, we generalize this model ) N bmax Nop(i)

to mixtures with nonhydrogen-bonding hydrophobic solutes. X exp ANy ayw/ V) (4m) Wjﬂl F(3) WP
The analytical partition function for mixtures captures the

salient features of hydrophobic hydration summarized above, @)

and provides insights into their origin. The present mo-A detailed derivation of this partition function can be found
lecular theory captures the thermodynamic signatures of hyin Ref. 57. In this expressiof,, is the thermal wavelength,
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energy are not independent, and some of the quantities in the
“hydrogen-bond” term, such a@(j), contain hard sphere
(excluded volumg information exclusively. A detailed dis-
cussion of the occupation probabilities is presented below.
Returning to Eq(1) f(j) arises from the orientational con-
tributions to the hydrogen-bonding partition-function for a
(@) central water molecule withwater molecules in its bonding
shell (r,,;<r<ry, in Fig. 1) and is given by

-

6;

. i :
f(j)=1+ Z(l—COSqD*)Z{eXr{Bs(J)]—1}- )
K £(]j) is the hydrogen-bonding energy between a pair of water
4‘ molecules when there ar¢{1) crowding water molecules

in the bonding shell of the central molecule,
v _S(j):_smax+(j_1)8pen- (4)
The above-described model and its generalization to
(b) () mixtures capture the distinctive features of the thermody-

namics of water and of its mixtures with nonpolar solutes.

FIG. 1. Schematic illustration of the microscopic moda).In order to form Nevertheless. drastic simplifications are introduced in the de-
a hydrogen bond, two water molecules must be properly oriented, with their !

bonding directions pointing towards each othey (¢,< ¢*), regardless of SC”pt'O”. of hydmgen bonds. Consequently, ours Is not a mi-
the value off; and#d,. (b) Water molecules have a hard core of radiyg, , croscopic theory of water structure around nonpolar solutes.
within which the center of no other water molecule can penetrate. In order tRather, our work suggests that the comphexcroscopide-

form a hydrogen bond, positional constraints must be satisfied in addition t‘havior commonly referred to as hydrophobic hydration can
the orientational requirements shown (@. Specifically, a central water

molecule must be surrounded by exclusion shelbf radiusr,,; , devoid of ~ P€ @dequately described as long as a positive Correlat'or_' be-
centers of other water molecules, and a properly oriented second watdween local entropy, density, and energy is incorporated into
molecule must be inside iteydrogen bonding shelfr,,;<r=r,c). The @ microscopic theory of water. This is what the above four-
presence pf_addmonal molecules wnhln the hydrogen bonding shell weakpoint description of hydrogen bond formation accomplishes,
ens an existing bondc) Water—solute interactions. Water moleculgsay) lated i he | f istical hani
have a hard core radiuss,,= (ot 0s9/2, within which the center of no once trans ate. Into t e_ anguage o _§tat|st|ca_ mechanics.
other nonpolar solutéwhite) can penetrate. In order to form a hydrogen As shown in Appendix A, the partition function for water

bond, a central water molecule must be surrounded ksplate exclusion  can be readily generalized to aqueous mixtures with nonpo-
shell of radiusrg;. Solutes whose centers lie in thgdration shell(rg<r lar species(s) as

<r4,) can affect the strength of a hydrogen bond.

Q(Ny,Ng,V, T) = (N Ng! A SNwA ) =2y — Np)N

N,, is the number of water moleculeg, is the volume,T is X exp( BNa/V)

the temperature, ang~'=KkT is the product of Boltzmann’s Jmax Kmax

constant and the temperatue,,, and b,, are the familiar x(@mN]T TT f(j, kNP0 (5)
j=1 k=0

vdW attractive parameter for water—water pair interactions,

and the excluded volume per water molecule of hard corg, e jimit N.—0 this expression reduces to the partition
diametero,y,,, respectively. We require the pressure to di-f,nction for pure watefEq. (1)], while in the limitN,,— 0 it
verge at the random close packing density reduces to the partition function of a vdW fluid. Standard

Tos mixing rules are applied to evaluate the mixed vdvdndb
ww
0.64,,= 5 (20 parameters,
_ 2 2
where the spheres occupy 64% of the volume. It should be &= Xwwwt 2XuXsswt Xsass, (6a)

noted that the use of the simple one-dimensional approxima-
tion for the excluded volume is not necessary for the theory.
More accurate expressions for the excluded volume, e.gwherex;=N;/N is the mole fraction of specieis and the
Carnahan-Starlin® produce similar predictions. cross solute—water vdW interaction parameter as,
The first three terms in the product on the right-hand side= (a,,,as9 > It remains to describe below the effect of the
of Eqg. (1) comprise the partition function of a vdW fluid. The nonpolar species on the hydrogen-bonding contributions to
last two terms then constitute the contribution of aqueoushe partition function.
hydrogen-bondingp(j) is the probability thaj water mol- Hydrogen-bonding interactions in these mixtures should
ecules occupy the bonding shell and that the exclusion shethke into account the fact that while the nonpolar species
(oww<r<ry in Fig. 1) is devoid of water molecules. The cannot hydrogen-bond with water, they can potentially stabi-
maximum number of water molecules allowed in the bond-ize or destabilize bonding between water pairs through per-
ing shell is . Note that in the original derivation the turbations in the bonding energy. By analogy with the model
hydrogen-bonding and hard sphere contributions to the fretor pure water(Fig. 1), we assume there is an inner shell

b=x,by,+Xbs, (6b)
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surrounding the central water molecule(,<r <r;) devoid

of solute molecular centers, referred to as siodute exclu-
sion shell and an outer shellr{;<r<r,) within which the
solute can affect hydrogen-bonding, referred to assthiate
hydration shell For j water molecules in the bonding shell
andk solute molecules in the solute hydration shell, the cen
tral water molecule’s orientational contribution to its
hydrogen-bonding partition functiofsee Appendix A is
given by

: j .
f(j.k) =1+ 7(1-cosg*)*exd Be(j k)] -1} (7)
The hydrogen-bonding energy in this case is
_S(jnk):_smax+(j_1)8pen+k8npv (8)

where e, is the nonpolar energetic contribution per solute
molecule in the hydration shéft:54%°

The other important quantity introduced in the mixture
partition function isp(j,k), the probability that the central
molecule is surrounded by water molecules and# solute
molecules satisfying the positional criteria for hydrogen-
bond formation. The key simplifying assumption that we
make is that this quantity can be expressed as a superpositi
of independent solvent and solute occupation probabilities,

P(j.K)=popw(j)ps(k). 9

Ashbaugh, Truskett, and Debenedetti

wherep=p,,+ ps, the total number density, is the sum of the
water and solute number densities. In the linpts—0 or
ps— 0 this expression reduces to the vdW EOS or the EOS
for pure water given in Ref. 57, respectively.

The solute chemical potential is determined by the solute
number derivative of the Helmholtz free energy,

Ms=( ) :_kT(&InQ
T.V.N,,

INg
=kTInp,A3—KkTIn(1—pb)+

JIA
INg

(11a

)T,V,NW

kTpbg
1-pb

—2(pudswt ps@sd —KTpy
{ ap(] ,k)}

dps
A useful way of expressing the solubility of a gas in water is
by the Ostwald solubilityL) defined a&

j max kmax

> >

=1 k=0

Inf(j,k)].

Pw

(11b

on Ps

ps’

(12

where the superscrigy indicates the gas phase. Assuming

P, is the probability that a central water molecule has itsthat the gas phase behaves ideallyd=kT In pgA2, it fol-

exclusion shellgr,,,,<r<r,; andos,<r <rg; devoid of wa-
ter and solute moleculep,,(j) is the conditional probability
that there arg¢ water molecules in the central water’s hydro-
gen bonding shell r(,;<r<r,,,) given that the exclusion
shells are devoid of water and nonpolar specjegk) is

lows from equating the chemical potential of the solute in the
ideal gas and solution phase at the giverand P, w9
=9, that

—InL=Buf, (13

analogous tg,(j), and denotes the conditional probability whereu? , the excess solute chemical potential, contains the
of observingk nonpolar molecules in the solute hydration nonideal contributions to the chemical potential in the aque-
shell (r5;<<r <rsg) given that the exclusion shells are devoid ous phase, that is to say the second, third, fourth, and fifth
of water and nonpolar species. The detailed mathematicaérms on the right-hand side of E¢L1b). The individual

expressions fopg, py(j), andpg(k) are presented in Ap- terms in the chemical potential expression can be broken

pendix B. down into point creatiofi> excluded volume, attractive, and
hydrogen-bonding contributions,
* * * * *
. . . Mg = Mg prt Mg vort Mg atrt Mg hb- (14)
B. Evaluation of thermodynamic properties of s Mspt’ Hsvol T Bsat” b
aqueous solutions The infinite dilution limits of these quantities,

S ptr s vol 1 K3, atts s, b @T€ given in Appendix C. Infinite di-
lution quantities are of interest in the present context because
of the low solubility of nonpolar solutes in watgrg 5 is the
reversible work associated with inserting a hard pointlike
solute in solutiorf? M5 vol IS the reversible work associated

The thermodynamic properties of aqueous mixtures cal
be determined from the partition functigkq. (5)]. The first
guantity we consider is the EOS, which is given by the vol-
ume derivative of the Helmholtz free energy,

_[0A with growing the pointlike solute to its full diameterss,
~lav NN w3 a1 1S the reversible work associated with turning on attrac-
W tive solute—water interactions, ands , is the reversible
alnQ work associated with restructuring water’s hydrogen-bond
:kT( oV ) ' (109 network upon introducing the solute. We denote the additive
TNy Ng contribution arising from orientation-dependent interactions
0 as the hydrogen-bonding term. It should be understood, how-
= 1_pb—ap2+ KTN, ever, that in the present theory it is impossible to separate
completely the hydrogen-bond and HS terms, since the an-
Imax Kmax ap(j,k) _ gular integrals are evaluated in the HS ensentbée Appen-
x> 2 { Inf(j,k) ¢, (10b  dix A), andp (j, k) contains exclusively HS terms, i.&,,,
=1 k=0 N N A di
wNs ppendix B.
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By differentiating the chemical potential with respect to TABLE I. Model parameters for water and its mixtures.
temperature at constant pressure, the partial molar excess

. L Tww 3.135 A
enthalpy and entropy can be derived. The enthalpy is given Fi 1.0087,,
as F'wo 1.04o,y
9 */T Ayw 0.310 Pa r{‘lmolz
— Ms — — — — o* 0.175 rad
— 2 —
h: ==T ( aT ) - h:,pt+ h:,vol"_ h;att+ h:,hb' €max 23 kJ/mol
PN €pen 3 kJ/mol
(15) jmax 8
. . . . s sw
Note that the pressure is an independent variable in the par- r st
tial derivative shown in Eq(15). The present theory was Enp 0
developed in the canonical ensemble, where volume, not Kmax 8

pressure, is the independent variable. The calculation of par
tial derivatives such as E@15) is discussed in Appendix D.
The individual contributions to the partial molar enthalpy in

the limit of infinite dilution are given in Appendix C. The effect of these terms and find that they have little influence

entropy is given as on the predicted solubility trends. Thus, the pre_senF study
focuses on the effect of the solute size and attractive interac-
dps I e tions on the thermodynamics of hydrophobic hydration. A
T =Ssptt Ssvoi T Ssatt Sshos (18)  detailed parametric analysis of the effectseqf, oss, I'si,
PNy Ns andr, on the calculated solubility is underway and will be
where the individual contributions to the partial molar en-Published separately.
tropy in the limit of infinite dilution are, once again, given in

Appendix C. IIl. RESULTS AND DISCUSSION
C. Model parameterization

S

The temperature dependence of the chemical potential of
In the original paper introducing this model for pure ao=4 A spherical solute at infinite dilution at atmospheric

water?’ the parameters ., Epens 0w, anda,, were fixed.  pressure is shown in Fig. 3. The top curveu$™ for a HS

The magnitude of the maximum hydrogen bond strengttsolute @s,=0), while the remaining curves indicate in-

emaxand the hard core diametef, were set at the physically creasing solute-water attractive interactiotes,, varying

reasonable values of 23 kd/mol and 3.11 A, respectively. Théom 0 to 0.25 Paffhmol ). It can be seen th@@us ™~ passes

crowding penaltye ., was set to 3 kJ/mol per nonbonding through a maximum, or equivalently the Ostwald solubility

molecule in the hydrogen bonding shell. The dispersion in-

teractiona,,,, was set so as to give the correct critical tem-

perature for water. The remaining paramete}s, r,,, and 1oL T L eee— L DL

©* were used as variables. Two parameter sets were ex-

plored by varyinge* and using ,; andr,, to reproduce the

0.99

density maximum at 4 °C and 1 g/énit was found that the mg 0.98

parameter set that resulted in phase behavior with a seconc < 097

critical point in the deeply supercooled redién® (o* = o006
L

=0.175rad,r;=1.010y, ry,=1.040,) provided the best
fit to water’s (P,V,T) behavior. In this work we adopt this 0.95
parameter set, although we have adjustgd, o, andr; 0.94
to compensate for the simplificatiofiggs.(B3)—(B5)] intro-
duced in the expressions for the bonding shell occupation
probabilities, and to improve the fit to the density of liquid
water at atmospheric pressure. These parameters are listed i
Table I. The fitted density and thermal expansion coefficient “-;
of liquid water are shown in Fig. 2. These adjusted param- «
eters still conform to the two-critical-point scenario, how- %
ever, the gas—Iliquid critical point has been shifted80 K x
above the experimental value. This is predominantly a result
of the increase in tha,,,, parameter. The present study fo-
cuses on temperatures well below the critical temperature
and this is not considered further.
Nonpolar solutes have been found to stabilize hydrogen Temperature (K)
bonds2064657475 However, rather than introducing addi- _
tional parameters associated with the effect of a hydrof'G; 2 Temperature dependence of the denihand thermal expansion
coefficient(b) of water at atmospheric pressure. The points are experimental

phobe on hydrogen-bonding, we assumg= 0 and ry; data(Refs. 90, 91 The line is the model prediction for pure water, using the
=r¢o=0sw- We have conducted a preliminary study of the parameters of Table |.

P YO A NI R E|

FrTr T T

[74

| |
250 300 350 400
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Ay "=-1nL"”

N
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%0 300 350 400 T
Temperature (K) P

FIG. 3. Model prediction for the temperature dependence of the dimensionl-:IG 4. Sch tic of the th d . tem invoked for th lculati
less excess chemical potential of a hydrophobic solatg<(4 A) in water, - 4. Sthemalic of the thermodynamic Systém Invoked lor the calculation

at atmospheric pressure and infinite dilutigg¢ LT). The top curve cor- of the spluplllty of nonpolar solutes in water. The two subsystems, | and I,
— . are maintained at temperatufeand pressurd® and are separated by a
responds to a hard sphe(BlS) solute @g,=0). Each successive curve

- . . membran m | h | ; m Il is th
corresponds to an increment in the solute—solvent van der Waals attracnvee brane permeable to the solute spe(sSubsyste s the aqueous

_ ; solution, and subsystem | contains the gaseous solute.
parametera,,,, of 0.05 Parfimol 2. The dotted line shows the locus of Y 9
maxima in the dimensionless chemical potential, with attractive interactions
(i.e., ag,,) increasing in the direction of the arrow. Maxima in the dimen-

sionless chemical potential are equivalent to minima in the infinite dilutionj \water. Consider a nonpolar gas and an aqueous solution
limit of the Ostwald solubility Eq. (13)]. separated by a membrane that is only permeable to the gas-
eous solutéFig. 4). At thermodynamic equilibrium the pres-

o - sure, temperature, and solute chemical potential on either
[Eq. (13)] at infinite dilution passes through a minimum. For sige of the membrane are equal. For simplicity we assume
the HS solute the solubility minimurt268 K) occurs close  that the nonpolar species can be treated as an ideal gas on the
to the density maximum of pure wat&77 K). Indeed, these gas side of the membraré), while the model developed

o ro .

two temperatures would coincide Bus ™ was determined  apove[in particular, Eqs(10) and (11)] are applied on the
solely by the point creation and excluded volume Cont“bu'aqueous side of the membraiik). The solubility of the

tions[Egs.(C2) and(C3)], since these terms are monotonic nonpolar gas is determined by solving the system of equa-
functions of the density of water. In addition to increasingijons

the solubility of the HS solute by favorable energetic contri- _

butions, attractive interactions displace the solubility mini-  #s(Pw.ps, T)=ug(T,P), (173
mum to higher temperatures. This is a consequence of the _

fact that attractive contributions to the solubility are in- P=1(pw.ps.T) (7
versely proportional to the temperatuigq. (C4)], in con- for the water and solute number densities in the liquid phase
trast to the repulsive vdW terms discussed above which deat the imposed andP. The solubility is commonly reported
pend only on density. Similar results were obtained from as the solute mole fraction in solution,

combined IT and perturbation theory analysis of the solubili- N
ties of nonpolar gases in water evaluated from explicit mo- X >
lecular simulatiorf”

It is worthwhile to note that while solubility minima are The solubility of acs=4 A solute as a function of tempera-
not limited to water as a solvefft,such behavior within the ture at atmospheric pressure is shown in Fig. 5. The solubil-
present theoretical framework is restricted to solvents thaity displays a minimum as a function of temperature, al-
display density anomalies. In particular the same point crethough it is shifted slightly out to higher temperatures
ation and excluded volume contributiofgqgs. (C2) and compared to the minimum in the Ostwald solubility.

(C3)] to the solubility arise for a HS solute in a vdW solvent. The effect of increasing the pressure on the Ostwald
Since the vdW fluid does not exhibit a density maximt/m, solubility coefficient for theo,=4 A solute at 298 K is

HS solutes cannot experience a solubility minimum whershown in Fig. 6a). Up to 100 bar the Ostwald solubility, and
dissolved in such solvents. hence the excess chemical potential, is essentially indepen-

The mixed partition function derived above of coursedent of the pressure and virtually indistinguishable from the
applies at finite solute concentrations. We now apply thanfinite dilution values reported in Fig. 3. Indeed the solute
model to the calculation of the solubility of nonpolar solutesmole fraction in aqueous solution is considerably less than

_ _ Ps
Nst+Ny  pstpon

(18)
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FIG. 5. Model prediction for the temperature dependence of the equilibriunf™!G- 7. Temperature dependence of the infinite dilution excess chemical
mole fraction of as—4 A solute in water at atmospheric pressure. The potential and its enthalpic and entropic contributions for a HS solatg (
bottom curve corresponds to a HS solutg,=0). Each successive curve =4 A) in water, at atmospheric pressure. The actual quantities plotted are
corresponds to an increment in the solute—solvent van der Waals attractiV§€ Solute’s excess chemical potential at infinite dilution, normalizelTby
parametera,,,, of 0.05 Pafimol 2. The dotted line is the locus of solu- _(curve labeledu), excess partial molar_ enthalpy at infinite d_llu_tk_)n, n_ormal—
bility minima, and the arrow indicates the direction of increasing solute-12€d PYKT (curve ), and excess partial molar entropy at infinite dilution,

solvent attractive interactions. normalized byk (curve .
14 TP 0.01 for all but the most attractive solutes examined even at
3 the highest pressurgfig. 6(b)]. For sparingly soluble spe-
12 L (2) i l cies at concentrations approaching infinite dilution, the mole
- 10— — fraction to an excellent approximation is given as
Lx: 8- i — P
il C . .
" 6F 5 xg~ 22 = " exp(— Bul”), (19
ey . ] ] Pw  Pw
2L M i where we again have assumed that the ideal gas law applies
T T T I in the gas phase. We note that E9) indicates that the
0.01 0.1 1 10 100 molar solubility should be a linearly increasing function of
107 [T T T T T pressure wherp,, and u%” are independent of pressure.
4 (O Such a pressure dependence is observed in iy, @hich
10°1 A satisfies these criteria. We conclude that the use of the infi-
. nite dilution excess chemical potential for pressures below
o 10 : 100 bar is justified. Thus, finite solute concentration effects
& ! are neglected in the remainder of the paper.
10 : The temperature dependence of the infinite dilution ex-
107 ! cess chemical potential and the corresponding partial molar
L ! i enthalpy and entropy for as—=4 A HS solute at atmo-
10.125 ol il ol spheric pressure are shown in Fig. 7. At low temperatures,
0.01 0.1 1 10 100 solubility is limited by a large negative partial molar entropy;,
Pressure (bar) which is only partially compensated by enthalpic contribu-

tions. Both the partial molar entropy and enthalpy are
FIG. 6. Pressure dependence of the solute excess chemical pot@rtiatl  strongly temperature dependent, however, so that at elevated
Eo'tt‘b"'%)(lt_’) for a 055:4§t50|u|:esm ;’V?tect %t) 228 E The tof) and  temperatures hydration in entropically favorable and enthal-
ottom(b) lines correspond to a HS solutag(,=0). Each successive curve : .
corresponds to an increment in the solute-solvent van der Waals attracti\B!C"i”_y unfavorable. These temperature dependenmes are_ in
parametera,,, of 0.05 Pafimol2. The arrow indicates the direction of diCative of a large solute partial molar excess heat capacity,

increasing solute—solvent attractive interactions. which is
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(20) FIG. 9. Point creatioript), volume (vol), and hydrogen bondin¢hb) con-
tributions to the solute excess partial molar entropies shown in Fig. 8.

P
Since the gas phase behaves ideally, this quantity is also the
solute’s heat capacity of transfer. It is precisely the thermo-
dynamic features shown in Fig. 7 that are commonly associsince they are identical in this limit. The hydrogen-bonding
ated with hydrophobic hydration. We take note that theyentropieqFig. 9(c)], on the other hand, depend on the solute
arise naturally in the present theory without the need forsize and indicate a more significant disruption of water’s
empirical temperature dependent parameterization of solutebonding with increasing solute sizeg p, for varying size
water interactions. solutes is an exponentially decreasing function of tempera-
The unfavorable dissolution entropy at room temperatureure that does not converge. In contrast to ideas for hydro-
is perhaps one of the most striking properties of hydrophobiphobic effects based on enhanced structuring, the solute’s
hydration, and is typically interpreted as arising from solute-contribution to the total entropy arising from its interaction
induced structuring of vicinal waters. The effect of HS solutewith water’s hydrogen-bonds is positive in this theory. This
size on the solute’s infinite dilution partial molar excess en-s a result of the fact that water structuring is not invoked in
tropy as a function of temperature is shown in Fig. 8. Whilethe present theory, so that the effect of the nonpolar solute is
the entropy depends sensitively on solute size, the curves ate dilute hydrogen-bond interactions between water mol-
all qualitatively similar. At low temperatures the curves showecules leading to an increase in the entropy. Perturbations in
an appreciable entropic cost for dissolution. Eventually diswater structure can be included, albeit in a crude manner, by
solution becomes entropically favorable at high temperaemploying a nonzero value fet,, [Eq. (8)]. That the theory
tures. Between these limits the entropies appear to converge able to capture the basic signatures of hydrophobic hydra-
at ~323 K. This convergence is not exact, however, andion in spite of the fact that the hydrogen-bond related por-
occurs over a narrow temperature rarigeg. 8, inset. Simi-  tion of the solute’s contribution to the total entropy is posi-
lar convergence behavior has been observed experimentallive is quite a remarkable result. It suggests that hydrogen-
for the dissolution of nonpolar gases and liquids in water, adond restructuring may in fact not be the major contributor
well as for the hydrophobic contributions to protein to hydrophobic phenomenology and thermodynamics. The
folding2~1* The measured convergence temperature for hyeverriding contribution to the solute’s partial molar entropy
drocarbons is 385 K, some 60 K greater than predicted herén the present theory is the excluded volume téFig. 9(b)].
Nevertheless, the occurrence of an entropy convergendsote, however, that this terffEq. (C11)] does not depend
point at reasonable temperatures suggests that the underlyinglely on the properties of a vdW fluid since this expression
physics is correct. explicitly contains the thermal expansion coefficient for lig-
The individual components of the hydration entropy uid water. Thesg , curves for the various solute sizes con-
[Egs.(16) and(C10—(C13)] are shown in Fig. 9. The point verge exactly at 329 K, slightly greater than the temperature
creation entropie$Fig. 9a)] are the same for all solutes, shown in Fig. 8. The effect of the hydrogen-bonding term is
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to shift the convergence to lower temperatures and make it 120t — T T T T
only approximate.

The origin of the convergence temperature can be seen
more clearly by examination & ,, [Eq. (C11)]. Sinces]
is proportional tobg, the only way for this entropy to con- 80
verge for solutes of varying size is for it to equal zero. This

criterion is satisfied when

— N
aw=1+wbw. (21) £, 40
This expression is interesting because it depends exclusively
on the properties of water and the solute plays no role in the
convergence temperature. Moreover, E2{l) indicates that o =
the observed convergence temperature of 329 K can be L 4
shifted to the experimental temperature of 385 K by adjust- L hb §
ing the vdW excluded volume for water. The diameter for L g
water adjusted to obtain the experimental convergence tem- 4oL . . . . 1 . . . ]
perature is 3.03 A, only 3% less than the value used in the 250 300 350 400
calculations above. Furthermore, this adjusted water diam-
eter agrees more closely with the commonly assumed value

of 2.8 A. For a strictly vdW |iquid it can be shown that FIG. 10. Temperature dependence of the partial molar excess heat capacity
at infinite dilution(normalized byk) for a HS solute §.=4 A) in water at
1- prW (22 atmospheric pressure. The curves give the point cregtipnvolume(vol),
Aygw= > and hydrogen bondin¢hb) contributions as well as their suftot).
! T—2aywpw(1—pubw) 7K yereg J

Temperature (K)

which is always greater than and never satisfies [d), e ) )
except in the case whem,,,=0. The expression for water’s point°s The heat capacity maximum, however, does not nec-

thermal expansion coefficient is somewhat more complicate§SSarily result from changes in the hydrogen-bonding struc-
[Eq. (C14)]. The density maximum corresponds to the con-t“_re of water in the vicinity of the hydrophobic solute. As
dition «,=0 (Fig. 2. With increasing temperature, the with the eptropy convergence above, the vqw excludgd vol-
hydrogen-bonding contributions to the EOS become less imdMe contribution dominates the heat capacity and ultimately
portant and Eq(C14) approaches Eq22). Between the den- the predicted mix:omurfFlg. 10. Indeed, hydrogen bonding
sity maximum and the high-temperature limit where E29) f:ontnbt_mons tocp s in the present model are negative and
applies, there exists a unique temperature where(Efd ~ ncreasing functions of tempfrature, con_trary to the overall
satisfies Eq(21). This is the entropy convergence tempera-t€mperature dependence @ 5. We surmise that the heat
ture. The criterion for entropy convergence, E2{l), is simi- ~ ¢apacity maximum is largely a consequence of the EOS of
lar to the corresponding IT predictiGh?! a,,= 1/2T. Both water, and arises prgdomlnantly from the dependence _of ex-
approaches predict that strict convergence is solely a func&luded volume contributions to the entropy on the density of
tion of water properties. Note, however, that the presenfvater.
theory supplies the equation of state of water, whereas IT
requires this as an independent input. IV. COMPARISON WITH EXPERIMENTS

Finally, Fig. 10 shows the temperature dependence of theND SIMULATION
partial molar excess heat capacity as a function of tempera- Figure 11 shows a comparison between experimental
ture at atmospheric pressure for ing=4 A HS solute. The data and model predictions for the temperature dependence
predicted temperature dependencecpf is nonmonotonic, of the infinite dilution excess chemical potential, enthalpy,
displaying a maximum in the neighborhood of 260 K. Simi- and entropy of methafitand argof® in water. Also shown
lar trends forf’;f’f’s are observed for other hydrophobic solutesis a comparison between computer simulation calculations of
of varying size, although the magnitude is scaled by the solthe same quantities for a 3.4 A hard sphere solute in SPC-E
ute size. Experimentally it is found tha§ for nonpolar watef® and model predictions. Whereas the experimental
solute dissolution is a large, positive, decreasing function oflata show an almost linear increase in the solute’s enthalpy
temperature, as observed at temperatures above the heat aad entropy with temperature, the model predicts a nonlinear
pacity maximum in Fig. 10/8! Indeed, this behavior has increase that exaggerates the temperature dependence of
been suggested as useful for the discrimination of models fathese quantities at low temperature. Because the errors in
hydrophobic hydratiofiZ While not observed directly from enthalpy and entropy tend to cancel, the agreement between
experiments, extrapolation of a two-state hydrogen bondingheory and experiment is quite good for the solute’s excess
model fitted to measured values o} for a number of chemical potential. The solute van der Waals parameters
solutes predicts a maximum in the supercooled water regionysed in the model calculations area,—=0.2286
in agreement with the present resifft§2More directly, heat  Panf mol™2, b,=70.9 A% (¢,=4.43 A) (methang and a.
capacities evaluated from a two-dimensional simulation=0.1362 Pafimol 2, b,=53.7 A (0,=4.03 A) (argon.
model for water find a maximum igg s near the freezing These were calculated from the solute’s critical constants; no
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at infinite diIution,F‘p;“/k for methane in water at atmospheric pressure. The
thick line is the model calculation, and the symbols are experimental data
(Ref. 84. The solute van der Waals parameters used in the model calcula-
tion are the same as in Fig. 11.

s [

methane’s partial molar excess heat capacity in water.
Clearly, the rate of change of the solute’s excess partial mo-
lar enthalpy and entropy, especially at low temperature, is
less pronounced in reality than what the present theory pre-

-10 }

Chemical Potential, Enthalpy, Entropy

s |

220 L . L L dicts.
200 250 300 350 400 450 Figure 13 compares measured and predicted solubilities
r® for methan&* and argof® in water. Also shown is the com-
15 = parison between model predictions and simulation

calculationd”8® for the solubility of a hard sphere solute in
SPC-E water. It can be seen that the theory predicts a more
pronounced temperature dependence of the solubility than
what is actually observed. Furthermore, the temperature at
which the solubility reaches a minimum is higher in reality
than what the theory predicts.
St While the model captures the basic signatures commonly
associated with hydrophobic hydration, it overpredicts trans-
fer heat capacities and their temperature dependence, espe-
15 . , . . cially at low temperature. Consequently, solute enthalpies
200 250 300 350 400 450 and entropies are predicted to be both larger and more sen-
T® sitive to temperature than in reality over a broad range of
FIG. 11. Temperature dependence of the infinite dilution excess chemicd€mperature.
potential Bux~ (curves labelegk) and its enthalpicﬁﬁgx (curves labeled

h), and entropics} “/k (curves labeled )scontributions for methanga), V. CONCLUSIONS
argon(b), and a 3.4 A hard sphere solui® in water, at atmospheric pres-

sure. The thick lines are model calculations, the symbols are experimental ~ The motivation for this study was to examine the still

[methaneg(Ref. 84, argon(Ref. 85] and simulatior{ hard spheréRef. 86] ; : ;
data, and the thin lines are numerical fits through the data. The solute v mcompletely understood thermOdynamICS of hydmphObIC

. . . - . 7
der Waals parameters used in the model calculations were obtained from %draﬂon beginning from a microscopic t_heBryhat cap-
respective critical constants, and are given day=0.2286 Pa fimol~2, tures many of the thermodynamic anomalies of liquid water.

by=70.9 A (s,=4.43A) (methang and a,=0.1362 Pamol™?, b,  \We have extended the theory, introducing reasonable simpli-
=53.7 A (0,=4.03 A) (argon. fications, to describe aqueous mixtures containing nonpolar
solutes. The resulting mixture free energy and EOS capture
many of the distinguishing thermodynamic features associ-
attempt was made to adjust the solute’s van der Waals pated with hydrophobic hydration, including a large positive
rameters to fit the experimental data, nor to introduce empirichemical potential, indicative of the meager solubility of oil
cal binary interaction coefficients. in water; an entropically unfavorable hydration free energy at
The results of Fig. 11 imply that the theory tends toambient conditions; a solubility minimum with respect to
exaggerate both the magnitude and the temperature depelemperature; a large positive solute transfer heat capacity,
dence of the solute’s transfer heat capacity. This is shown iindicative of the strong temperature dependence of the en-
Fig. 12, which compares measufédnd predicted values of tropy and enthalpy; a pronounced decrease of this heat ca-

10 +

-10 }

Chemical Potential, Enthalpy, Entropy
=

Downloaded 13 Feb 2002 to 128.112.35.162. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



J. Chem. Phys., Vol. 116, No. 7, 15 February 2002 Theory of hydrophobic hydration 2917

L4E-04 @ and that hydrogen-bonding plays a role primarily as it im-
pacts the properties of pure w3328 put see, e.g.,
1204 Ref. 51 for an alternative view in which three-body water—
LOE-04 F water—solute correlations cause hydrophobic efjedtsir-
thermore, the close correspondence between the solubility
8.0E-05 [ minimum of a HS solute and the aqueous density maximum
= place solubility minima, and ultimately hydrophobic effects
6.0E-05 | themselves, within the hierarchy of anomalous thermody-
namic and kinetic properties of pure liquid water at low tem-
HOEOS peratures and near ambient press@fég.
5 o0m05 | Comparison of the model’s predictions with experimen-
tal and simulation data for nonpolar solutes in water reveals
0.0E+00 . - - - that the theory tends to exaggerate the solute’s low-
200 250 300 , 350 400 450 temperature transfer heat capacity. Consequently, the corre-
® sponding theoretical entropy and enthalpy are more sensitive
LE0 o) to temperaturglespecially at low temperatureshan their
9E05 | experimental counterparts. In the original model for pure wa-
8E05 | ter, the heat capacity is underestimated because of the sim-
7.E-05 b plified description of hydrogen bond&In the present mix-
6E05 | ture theory, the main contribution to the solute’s heat
« SE05 capacity comes from the volume tesee Fig. 1) not from
ag0s | hydrogen bonding. EquatiofC11) suggests that using a
1m0 b more accurate form of the excluded volume term in water’s
mas b / equation of state may be key to improving the quantitative
sk accuracy of the pr_esent the_ory. _ o
oks00 Future extensions of this work include a more realistic

o 20 e a0 s ae o aw a0  description of aqueous hydrogen bondthand the incorpo-

() ration of water density fluctuations, which are found to be
1.E-06 play a significant role in IT analyses of nonpolar
op0 | © hydration?®=2%3! |n addition to providing a more realistic
sE07 b description of water structure, we believe these modifications
5o b will lead to hydration thermodynamics in improved quanti-
tative agreement with experimental observations, thereby
SEOTE opening the door foa priori prediction.
« 5E-07 |
4E-07 F
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APPENDIX A: GENERALIZATION OF THE AQUEOUS

. T . . PARTITION FUNCTION TO MIXTURES
pacity with increasing temperature; and a convergence in the

hydration entropies of hydrophobes of varying size at el- In order to derive the mixture partition function fot,,
evated temperatures. It is particularly interesting to note thavater and\ solute molecule$N=N,,+ N, total molecules
while aqueous hydrogen-bonding is explicitly consideredwe write

this is done in a simplified way and no specific structure of 3Ny 3Ngy — 1

water around the nonpolar solutes, i.e., iceberg formation, Q(Nw N5V, T)=(Ny! Nt A A )
need be invoked to successfully capture the solvation prop-

erties of water. This is consistent with the view emerging xexp(,BNza/V)f f drNdQNw
from theoretical and simulation investigations that hydropho-
bic hydration is intimately linked to the EOS of pure water, Xexg —B(Pyst Pup) 1, (A2)
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where the mean-field approximation has been applied to thethere there are no water molecules available in the
dispersion energy. In the above equatiodenotes the posi- hydrogen-bonding shelt(0,k)=0, and the summation in
tion vector of a molecule’s center-of-mass, dnds the vec- Eq. (A4) begins atj=1. The total number of water mol-
tor of Euler angles describing the orientation of a genericecules that meet the positional criteria for hydrogen-bonding
water molecule.®yg and @,z denote the total HS and is

hydrogen-bonding energies, respectively. Standard vdW mix-

. . . . Jmax Kmax

ing rules are applied to the evaluation of the attractive \aW . .

parameter, Nw;l (J+ 1)20 p(j.k). (AB)
a= X\%/aww‘l' 2XWXSaSW+ XgaSS1 (AZ)

We now write the orientational integral as

where the cross solute—water interaction parameter is give
by ag= (awwdsd*2 We focus our attention on the integrals, T dQNwexp — BDe)ns
which can formally be written as

jmax kmax
f f drVdOMwexf — B(Ppst D) = J dﬂ”wexp[ﬂNWJZl 2 p(. K=,k
jmax kmax
=JdrNeXp(—B<bHs) =fdQNwH IT exd AN.p(j,K)e(j k)]
=1 k=0
JIdrNdQNwex] — B(Ppst Ppg)] N1 s 4 1) simac i
fdrNeXF(_ﬁ(DHs) :f dQ wl jzlx(l ) k:Op(J’ )]
jmax kmax
=Zus(Ny N ,vfdQNwex —BP : A3
Hs(Nw,Ns,V) (exp( = BPug) s (A3) lel kl;[O {Jdﬂcdﬂl'”dﬂj
whereZs is the configurational integral for a HS reference Np(i.K)
mixture. The notatiofexp(— BPg) s denotes the average x exd Bs(]j k)]] e (A7)
of the Boltzmann factor of the hydrogen-bond energy evalu- ' ’

ated in the hard sphere reference ensemble. OperationaII\X, .
. . here the subscript denotes the central water molecule.
this means moving the center-of-mass of all molecules a

hard spheres and computing exgi®,,;) over all possible anoking our previous result for the orientational integrals
; X . we now write

center-of-mass configuration® g then is the energy that

would result if at each hard sphere configuration the

hydrogen-bonds are turned on with the water molecules in 4 dQNw(exp( — BPp) s

fixed but arbitrary orientation. The integral ove™w then

samples over all possible orientations. y Imax Kmax -
Performing a cumulant expansion 6éxp(— APug))us ~(4m) Wl:[l ka f(j, k)PP, (A8)
and truncating after first-order ternfthat is to say, neglect- .
ing orientational fluctuations’ we can write where
(exp(— BPg) ) ns=exXp — BPyg)ns- (A4) i ,
jkK)=11+-—(1— * i -1},
The mean hydrogen-bond energy can then be expressed ag(J =1 4 (1~cose™)Hexd Ba(j, k)]~ 1} (A9)
Jmax Kmax ) ) If we now invoke the simple one-dimensional approximation
(Prg)ns=— NWJZl 2 p(J.K)e(i,k), (A5 for Z,,s, we finally obtain

wherep(j,k) is the probability that a water molecule is sur- Q(Ny,Ns,V,T),
rounded byj water molecules an#l solute molecules satis- B 3Ny y 3N, — 1 N 2
fying the positional criteria for hydrogen-bond formation. = (NW! NG A AT (V= Nb) T exp SN"a/V)

These criteria are that the central water molecule hais-an Tmax Kmax
ner water exclusion shetlevoid of the centers of other water X (4w TT f(j,k)Nwrib), (A10)
molecules, and anothamer solute exclusion shedevoid of j=1 k=0

the centers of solute molecules; that there be no more than
. . where

imax Water centers in the central moleculefsydrogen-

bonding shell and no more thank, solute centers in the b= X, by, + XDs. (A11)
solute solvation shell(Fig. 1). e(j,k) is the hydrogen-

bonding energy associated with thijsk) configuration. This The simple one-dimensional approximation to the HS ex-
energy depends, in addition fjandk, on the mutual orien- cluded volume problem is merely convenient. The results do
tation of the central water molecule and one of jh@ater  not change qualitatively if more accurate approximations are
molecules in its hydrogen-bonding shell. In the trivial caseused.
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APPENDIX B: MATHEMATICAL FORM The HS cavity contact correlation functions are obtained
OF THE OCCUPATION PROBABILITIES from the inversion of the Carnahan—Starling EOS for mix-

, . tures to obtain the contact density,
For pure solventls—0) the following expression for ty

Po can be derived’ 1 TmmTnn 72
Gmn(oTmn) = 1— +3 T 1— 2
Iwi 73 Tmmt Tnn/ ( 73)
pO:eXF{ _477pr wa(r)rzdr}a (Bl) 2
Tww Omm0Onn 72
. . ' +2 o to (1_77)3, (B6)
where G,,,(r) is the contact correlation function of scaled mm™ 9nn 3

particle theory?® defined such that,, G,u(r) is the concen- where m and n denote the speciesv or s, and 7,
tration of water molecules at contact with a central hard= 7T(U wa+‘Ts $9)/6.

sphere(HS) cavity of radiusr. Assuming that the exclusion

probabilities can be decouplegly can be generalized to mix- APPENDIX C: INEINITE DILUTION THERMODYNAMIC

tures as QUANTITIES
pozex;{ _4prfrW‘ Gyyy(F)r2dr . The infinite dilution solute excess chemical potential is
Tww given by
si . pwb
—4mps f Gsmr'é‘dr} (B2) Bu =—In<1—pwbw>+ﬁ—2ﬂpwasw
Tsw w
whereps Gg,(r) is the concentration of nonpolar molecules Jmax Kmax ap(j,k)° _
at contact with a central HS cavity of radiusin practice the —szl P p Inf(j,k)}. (CY
exclusion shells are relatively thinr §—o,,<0.1A) so . Y

that to an excellent approximation the integrals in E82)  In the infinite dilution limit, no more than one solute mol-
can be written as ecule can be found in the hydration shell of a central mol-
Po=~EXH = TPpu(F it Tura) 2(Fi = Tuw) ecule SO that the only remaini_ng solute c_qr_1tribution to the
summation over shell occupation probabilities corresponds
X Gyl Tww) = TPs(Tsit Tsu) *(F'si— ) Gl Tsw) |- to k=1 regardless of the value &f,,,. The infinite dilution
(B3) limits of the various contributions to the solute’s chemical

. n potential are given by
Following the treatment for pure wat&rthe conditional

solvent and solute outer shell occupation probabilities are  BHE = —IN(1—pyby), (C2
treated as Poisson distributions,

puwb
1 "wo ) ] BHE vor= l—\:;wsbw’ (C3
pW(J):j_I 477pr wa(r)r dr
. I oo
" Bﬂg,att: —2Bpuasw: (CH
rWO
X exp —4mp f G (r)rzdr} . Jma kmax K) .
p[ e T Bk = pWZ 2 Inf(j,k)}. (CH
S
Pw
1 )
~ j—,[7'fpw(rwo+rwi)z(rwo—rwi)GWW(<TWW)]J The corresponding contributions to the solute’s partial molar
' enthalpy and entropy are
><exl;[_77'pw(rwo‘|'rwi)z(rwo_rwi)G‘ww(O'ww)] b T
,Bh _ GwPwBw (C6)
(B4) s,pt— 1_pwbw ’
and
* o aWprST C
1 so 9 k S,vol_(l_pwbw)21 ( 7)
ps(k) k‘ 477sz Gsw(r)r dr
I'si o0
Bh: att— —2Bpuasw(1+ a’wT)v (CY
rSO
xexp{—4wpsf Gsw(r)rzdr} Jmax Kmax (11 50§ k)
Isj shb TPWE 20[ 9ps }
1 Pw
%H[Wps(rso'f'rsi)z(rso_rsi)GsW(O'sw)]k X&Inf(j,k) [&p(J,k)}w | f( k)
_ nf(j,
aT "9
Xexn:_Wps(rso+rsi)z(rso_rsi)Gsw(G'sw)]a (BS) Ps Pw

where we have once again taken advantage of the narrow 7%p(j k) .
width of the bonding and solute hydration shells to simplify WP T e Inf(j.k)}, (C9
the integrals.
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. aywp b, T Jmax Kmax 9 ',k *Inf ',k
§§|plk=ln(1—pwbw)+%, (C10 SEk=TpuD kz H p;,JJ ) (TJ )
wHw = R
Jr[ﬂlo(j.k)}oo alnf(j,k)}_a ¢9P(J',k)r
dps P aT w dps o

—xo g, awpwbsT pwbs
Ss,voI/k_ (1_pwbw)2 1_pwbw, (1Y

XInf(j,k) — awpw

2 H o0
M} Inf(j,k)’.

Ipwips
(C13
2 k= 2aypydsw (€12 In the above expressions,,= —(JIn p,,/dT)p is the thermal
s.at k ' expansion coefficient of pure wates=0) given as
|
il 7P0.0) : aInf(j,0)
(1_pwbw)_pw(l_pwbw)ZE}Taf{a— Inf(j,0)+T B
pW T Pw (C14)
ay= - = - = .
v ) r<ina] o P00 #°p(j,0) .
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w w
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