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Hydrophobic effect in the pressure-temperature plane
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The free energy of the hydrophobic hydration and the strength of the solvent-mediated attraction
between hydrophobic solute molecules are calculated in the pressure-temperature plane. This is
done in the framework of an exactly soluble model that is an extension of the lattice model proposed
by Kolomeisky and WidomA. B. Kolomeisky and B. Widom, Faraday Discud4.2 81 (1999].

The model takes into account both the mechanism of the hydrophobic effect dominant at low
temperatures and the opposite mechanism of solvation appearing at high temperatures and has the
pressure as a second thermodynamic variable. With this model, two boundaries are identified in the
pressure-temperature plane: the first one within which the solubility, or the Ostwald absorption
coefficient, decreases with increasing temperature at fixed pressure and the second one within which
the strength of solvent-mediated attraction increases with increasing temperature. The two are nearly
linear and parallel to each other, and the second boundary lies in the low-temperature and
low-pressure side of the first boundary. It is found that a single, near-linear relation between the
hydration free energy and the strength of the hydrophobic attraction holds over the entire area within
the second boundary in the pressure-temperature plan€06 American Institute of Physics.

[DOI: 10.1063/1.1792571

I. INTRODUCTION phobic effect for each given system: the temperature at
which the solvent-mediated attraction between pairs of hy-
The fact that hydrophobes dissolve very little in waterdrophobic molecules is strongest. Below that temperature the
tells us an associated free energy change due to the accoamtraction is due to the hydrophobic effethe solvation of
modation of a hydrophobic molecule in water being positive;two solute molecules is entropically less unfavorable when
but the essential feature of the hydrophobic effect manifestthe two are close together than when they are far apart
itself in the fact that the low solubility becomes even lowerwhereas above that temperature it is due to the opposite
with increasing temperatufeé. The decreasing solubility mechanisma favorable energy difference overweighs an un-
with increasing temperature means that the change in eravorable entropy differengeThus the mechanism of attrac-
thalpy and the relevant part of the change in entropy accomtion changes around this second characteristic temperature.
panying the transfer of a hydrophobic molecule into wateridentifying this temperature would be one important step to
are both negative. This in turn means that the unfavorablenderstand the temperature effect on the stability of
entropic contribution to the free enerdg positive valug  proteins?~’
exceeds the favorable energetic contribution, for the associ- The relevant part of the free energy of transfer is insen-
ated free energy change is positi/&he unfavorable free sitive to the pressure to moderate pressiiHanry’s law or
change arises because structure of solvent molecules is matee invariance of the partition coefficient of soluteSo the
ordered(so has a smaller entropyround each solute mol- temperature dependence of the free energy and the charac-
ecule than elsewhere. teristic temperatures of the hydrophobic effect, too, are in-
But if the temperature is further increased, and if thesensitive to pressure. But we may not anticipate they con-
boiling point of water at a given pressure does not intervenetinue to be so with increasing pressure above moderate
the solubility reaches its minimum and then turns to increasepressures because then the structure of solvent changes sig-
The thermodynamic properties at such higher temperatureasificantly. There are numerous studies, both experimental
are no longer those characteristic of the hydrophobic effectand theoretical, on the hydrophobic effect so that even rep-
the associated free energy change is still positive, but it isesentative works cannot be cited here®aff Many of the
because an unfavorable energy change exceeds a favoraleoretical studies are based on realistic models of
associated entropy change. This means that structure of salater!®?141-225ome focusing on the origin of solubility
vent molecules is less ordergdo has a larger entropy minimumt*!® and some addressing pressure effects on the
around each solute than elsewhere. Thus, the temperature loydrophobic interaction in connection with pressure denatur-
the solubility minimum, i.e., the point at which a solute is ation of proteing>'82%21Wwe will calculate, with a lattice
most hydrophobic, is actually a characteristic temperaturenodel to be described below, the characteristic temperatures
around which the hydrophobic hydration is being overcomeof the hydrophobic hydration and the hydrophobic attraction
by the opposite mechanism of solvation. as functions of pressure. We notice that more realistic models
There is another characteristic temperature of the hydroean provide far more detailed account on the hydrophobic
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effect. Our aim here is to reveal, in the pressure-temperature The corresponding chandsS in the entropy of the com-
space, some general consequences arising from the essenfiakite system has, too, a logarithmic dependenge”ar p?
mechanism of the hydrophobic effect alone, which, we hopeif the phasea or 8 is dilute in A, and so the part oAS
are independent of models and best studied by a simpldefined by
model. «

Since both the hydrophobic hydration and the hydropho- AS*=AS+kiIn(p"p) @
bic attraction result from the entropically unfavorable struc-is independent of the concentration of the phase dilute in A.
tural changes in the solvent around each solute molécile, Lete* and €? be the coefficients of thermal expansion of the
it is reasonable to anticipate some connection between thavo phases. Then from Edql)
hydration free energy and the strength of the hydrophobic IAG*
attraction. Our previous stu{of a lattice model of the AS*=—
hydrophobic attractici (the origin of the model to be de- JT
scribed below showed that the hydration free energy of athe temperature differentiation being at fixed pressure and
single solute and the magnitude of the solvent-mediated afixed composition of each phas@he pressures of and 3
traction between the two solutes, both divided by, are  need not to be the samé&he change in the enthalpy of the
linearly correlated with each other. The results were obtainedomposite system is
from exact calculations for the one-dimensional model and
virtually exact calculationgMonte Carlo simulationfor the AH=AG+TAS=AG*+TAS", @
three-dimensional model. Subsequently, we also found thaind is given in terms of a derivative a&fG*:
the Bethe-Guggenheim approximation with the coordination

+kT(eP—€%), 3)

*
numberZ=2, 3, 8, andx (Z=2 is the one-dimensional AH=M+kT2(eB—e“). (5)
model andZ= < the mean-field approximatiomives linear It
relationShipS nearly para”6| to each otﬁ%We will examine When the two phases are in equi"brium with respect to

whether or not the linear relation between the hydration freghe transfer ofs, AG=uf— ©*=0, and so
energy and the magnitude of the solvent-mediated potential .

of mean force is found for the present model and, if it is AG*=-kTInX, ©
found, identify how far the linear relation persists in the where

pressure-temperature plane.

= ﬁ @
In the following section we will briefly summarize the 2=(p1p%eq. @)
thermodynamics relevant to the hydrophobic effect and thetSince this ratio of the number densities, or the partition co-
define the characteristic temperatures. In Sec. lll, we willefficient, is accessible by experiments, E@). with Eq. (7)

introduce the lattice model with which we calculate the ther-provides a route from experiments to the thermodynamic
modynamic properties and the solvent-mediated potential ofuantities of transfer relevant to solvation. Furthermore,
mean force. Numerical results are displayed in Sec. IV. Thehere are three common cases in whicG* and its deriva-
main results are summarized in the concluding Sec. V. tives are practically functions of temperature alone, indepen-
dent of the concentrations of A in both phases, and indepen-
dent of whether or not the two phases are in equilibrium with
II. THERMODYNAMICS OF THE HYDROPHOBIC respect to the transfer of the A molecule. The first is wjgen
EFFECT is a condensed phase dilute in A ands a dilute gas. Then
3, is the Ostwald absorption coefficient, which is in this case
We consider here thermodynamics for transferring aa function of temperature alone. The second is wamd g3
moleculeA from a phasex to a phase3 under the condition are both condensed phases and dilute in A. And the third is
that the temperatur€ and the pressurie of each phaseepa- when both are condensed phases &u$ a pure or nearly
rately are the same before and after the transfer. More gerpure A while B is dilute in A. In any of the three cases, the
eral accounts on the thermodynamics of transfer are foundjnvariant” thermodynamic quantities are accessible from
for example, in our earlier papét. the solubility S, via Eq. (6).
Let u® and u? be the chemical potentials of A in the The excess chemical potential of Ain a given phase with
phasea and 8. Then the changAG in the composite sys- the number density of A is defined by
tem’s Gibbs free energy ig?—u®, and the paraG* of

ex— _ ,,id —
AG which is relevant to hydrophobic hydration is ® . #(p. 1) = 1(p,T) KTin(p/ ), ®
where 1'% p, T)=kTIn pA® is the chemical potential of the
AG*=AG—KTIn(pPp®), (1)  ideal gas with the same number density and the same mo-

lecular mass and= A ~3 exp(w/kT) is the activity of A; A is
the de Broglie thermal wavelength. The excess entisily

wherek is Boltzmann’s constant ang* andp” are the num- . .
el P and the excess enthalpy™* are defined, respectively, by

ber densities of A in the phasesand B. If either phase is
dilute in A, the whole of the dependence &6 on the con- s*=s—g/d 9
centration ofA in that phase is canceled with the second term
in Eq. (1), and the resultinga G* is then independent of that and

concentration. h®*=h—h'd= &+ Ts> (10)
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where  s=—(duldT)p, s'9=— (9" 3T) pid, h
=[(u/T)d(1UM)]p, and h9=[a(u'YT)/I(1T)]pia, the
temperature differentiations @f being at fixed pressur@ of
the real phase and those af? being at fixed pressure'
(#P) of the ideal gas at the same dengitgnd temperature
T.

AG*KT

In contrast toAG* and its derivatives, the excess quan-
tities are defined by properties of the phase of interest alone,
without any reference to a second phase, and they appear
more often in theoretical than experimental studies: in gen-
eral, they are not directly accessible by experiments. The
thermodynamic quantities of transfer are, however, related to

the excess quantities of the two phaseand g:
AG* = Mﬁ,ex_ ,LLa‘eX, AS* = S,B,ex_ Sa,ex,
AH=hA&*—paexX (12)

If «is an ideal gas with aarbitrary density of A, the ther-

FIG. 1. AG*/KT (solid curve, —AS*/k (dashed curve AH/KT (dotted
curve of methane as functions of temperaturdfrom solubility data of
Fernandez-Prini and CrovettoRef. 30]. These are essentially identical to
the corresponding excess quantitie3/k T, —s®/k, andh®/kT.

modynamic quantities of transfer are identical to the excess

guantities
AG* :Mﬁ,ex,
AH=hAe (12

Substituting these and*=1/T into the general identities,
Egs. (3) and (5), one finds the analogous identities for the
excess quantities:

AS* =P8

o aMeX
s¥= = ——= +KkT(e~1IT) (13
and
ouIT
h= —Tm +kT?(e=11T), (14)

where the temperature differentiations are at fixed pressu
of the B8 phase. Here and below, the superscrip@re omit-
ted unless specification of each phase is necessary. Equati
(13) and (14) may be obtained from Eq$8), (9), and(10)
without referring to any transfer process. Note then that th
temperature differentiations @f in Eq. (8), too, are to be at
fixed P, not P9,

Whene is a dilute gas of Au®* of the 8 phase becomes
practically identical tAAG*, and so accessible from experi-
mental measurements &f alone; otherwiseu® is different
from AG*, and so its determination requirg$* of the other
phase in addition tAAG*.

Figure 1 showsAG*/kT, —AS*/k, and AH/KT of
methane as functions of temperature, which are derived fro
temperature dependence of Henry's constant evaluated
Fernadez Prini and Crovett® In evaluatingAG*, we have
chosen an isobar of 0.5 MPanly because the solvent water,
then, remains to be a liquid up to 425);kthe values are

essentially the same as those at 0.1 MPa or 1 bar, for Henry's i . .
. .excess enthalpy of the pair of A molecules with that configu-
law holds in that pressure range. Also these thermodynami

quantities of transfer are essentially identical to the corre

sponding excess quantities™/kT, —s®/k, andh®/kT be-

cause the methane gas is ideal in that pressure range. T

characteristic features of the hydrophobic hydration are a|
parent around the room temperatu(ig:AG*/kT increases,
so the solubility, decreases, with increasifg (ii) the un-

o

favorable entropic part-AS*/k overweighs the favorable
energetic parAH/kT, and(iii) there is considerable cancel-
lation between the entropic and energetic parts. These fea-
tures disappear around and above 355 K, the temperature of
maximumAG* or minimumZ. At 365 K, AH/kT=0, and
soAG*/kT is entirely— AS*/k andAS= 0. At temperatures
between 365 K and 425 K; AS*/k>0 andAH/kT>0, i.e.,

the hydration of methane is unfavorable both entropically
and energetically. At 393 K the two contribute equally to the
low solubility: —AS*/k=AH/kT=(1/2)AG*/KT. At 425

K, AS*/kT=0, or equivalently,AS/k=—In(p?/p%), and so

the low solubility is solely due to the unfavorable enthalpy
change: AG*/kT=AH/KT. At temperatures greater than
425 K, what makes the solubility so lovAG*/kT at 450 K

is nearly the same as that at 280 i€ completely different

'ffom the mechanism of the hydrophobic effect: it is an unfa-

vosrable energy change overweighing a favorable entropy
change. Therefore, the temperature of maximy@*/kT

may be taken to be a characteristic temperalyref solva-

?ion, above which the hydrophobic effect is lost.

The hydrophobic attraction is another manifestation of
the hydrophobic effect. Thepositive solvation free energy
of a pair of solute molecules is less when the two are close
together than when they are far apart. This results in an ef-
fective solvent-mediated attraction. L&¢ be the solvent-
mediated part of the potential of mean force between a pair
of A molecules with a given configuratiop,g* be the excess
chemical potential for the pair with that configuration, and

m . ) .
“*be the excess chemical potential of a single A molecule.

hen
W= pug—2u® (15
Furthermore, lesg* and h§* be the excess entropy and the

Fation, and define the differences in entropy and enthalpy by

5s=sg*-25%  Sh®*=h§*—2heX (16)
I'.Ilﬁen from Eqg.(10) and an analogous identithq= ug*

+ Ts* for the pair,

W= She*—T 55 (17)

Downloaded 07 Oct 2004 to 150.46.100.223. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 121, No. 15, 15 October 2004 Hydrophobic effect 7307

Substitution of Egs(13) and (14) and analogous identities
for sg* andhg*into Eq.(16) and use of Eq(15) result in Q.»@%‘@@

IW
8= — ——kT(e—1/T) (18) FIG. 2. Schematic picture of the model in one dimension. Each circle with
aT a bar represents a solvent molecule, each open circle represents a cavity
formed by two neighboring solvent molecules. Orientation of each bar

and shows a state of each solvent molecule: the horizontal orientation means the
special state and any other orientation means orge-f nonspecial states.
ex_ IWIT > Two neighboring solvent molecules both in the special state interact with
oh —m_ KT (e—1/T). (19 each other with energy andalwaysform a cavity(e.g., the fourth and fifth

solvent molecules from left those which are not both in the special state

interact with each other with energy 0 if they form a cauigqg., the first
These are the anaIOgs of qu) and (5) or Eqs.(13) and and second moleculesr u if they do not(e.g., the second and third mol-

(14); but the signs of the second terms are opposite to theigcyles.
analogs.
It is difficult to measureW, unlike AG*, by experi-
ments.(And it is true even for a most probable configuration
of the pair of A molecule$.But molecular theories and com- lil. MICROSCOPIC MODEL

puter simulations support th¥ at a most probable configu- Our model is an extension of the lattice model of the

ration is negativéthe hydrophobic attractiorand —W is of hydrophobic attraction studied previou&ly232-34 The
8,9,11,13,14,17-19,2 : )

the order ofkT. Moreo_ver, since the under- riginal model captures the essential mechanism of the hy-

laying mechanism of the hydrophobic attraction is the samey;ophobic hydration in a simplest way, excluding many other

as that of the hydrophobic hydration it is expected that teM;eg)istic features that might obscure results relevant to the

perature dependence efW/KT is similar to that ofAG*.  pygrophobic effect. The present model is given two addi-
That is, one may expect that there is a temperaliy@t  (jong| features(i) a mechanism of solvation which is differ-
which —W/KT is maximal. At temperatures beloW,, the  ent from that of the hydrophobic hydration and becomes
solvent-mediated attraction results from a favorable entropyominant with increasing, and(ii) the pressure as a second
difference overweighing an unfavorable enthalpy differenceihermodynamic field. This is done with the same spirit as the

e, 0s%/k>0, 6h®/kT>0, and &s*7k—sh®IkT  qriginal model in such a way that the model remains simple
(=—WI/kT)>0. At temperatures above the temperature ofynq exactly soluble in one dimension. The present model is

maximum —W, which is even higher thaii;, the solvent- i, gne dimension but may be extended in any dimensions.
mediated interaction is attractive because a favorable en- rigyre 2 shows a schematic picture of the one-

thalpy difference gh®/kT<0) overweighs an unfavorable imensional lattice model. Each cell of volurog may be
entropy difference §s*/k<0). Therefore one may consider occpied by a single solvent molecule. Each solvent mol-
T, as another characteristic temperature of the hydrophobigeye hagy possible states or orientations: one special state
effect. _ _ _ (call it 1) and the otheq— 1 stategcollectively call them Q.

We are interested in not only, and T, for a given  opjy neighboring solvent molecules interact with each other.
system at a given pressure but also their pressure depefyq neighboring molecules both in state 1 interact with each
dences. Let us then ask how much pressure needs to be ainer with interaction energy(<0) and form a cavity. One

plied until AG* or u®* changes significantly. Differentiating  yay picture a pair forming a hydrogen bond with open struc-
Eq. (1) with respect toP at fixed T and fixed composition  re Neighboring molecules that are not both in the special

gives state interact with each other with enengf>w) if they are
IAG* in contact with each other and O if they form a cavity. The
7P =u§— va— kT(Xﬁ—ﬁ), (20 energyu and O may be regarded as those of dispersion forces

when the pair is in contact with and apart from each other,

wherev? is the partial molar volume of A in thg phase and ~ "€SPectively. The parameters of this model are thenl
X? is the isothermal compressibility of the phase, and ¢ >0, u—w>0, andu. Any single cavity is taken to have the

andy? are those for ther phase. If thex phase is taken to be S@Me volume, as that of each cell.

an ideal gas, then G* = u® andk Ty%=v% in Eq. (20), and I_'et N1, Ng, andN be the number Qf molecules in the
so special state, the number of molecules in any other state, and
the total number of molecules, respectively; and Ngt,
I 8 8 No1, andNgg be the number of pairs of neighboring mol-
9P =va—kTxr. (21) ecules both in the special state, the number of neighboring

pairs only one of which is in the special state, and the num-
When theg phase is far from the critical poingu®/dP  ber of neighboring pairs of which neither is in the special
=k, for the second term in Eq21) is much smaller than state, respectively. Lé#l be the number of pairs that are not
the first. For methane, the partial molar volume at 298 K aboth in the special statand have a cavity. Then the total
infinite dilution in water is 36.17 cAmol *3! This means volumeV of the system is
that the fractional change?fu®/9P)/u® is 4x 10”4 bar 1;
e.g., raisingP from 1 bar to 100 bars causes only 4% in- Vv~ Vo(NTNu+M), (22
crease iIMAG* or u® and the total energy of the system of pure solvent is
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E:WN11+ U(N01+ NOO_ M) (23) where
The isothermal-isobaric partition function is c=ele WkT, (32

In this model, a solute molecule may be present only
Z(P,T)=2 e PVKTg EAT (24 petween neighboring pairs of solvent molecules, and only
then if the pair of solvent molecules has a cavity or an open
where the sum runs over all the possible states of the systersiructure that contributes, to the total volume of the sys-
Substituting Egs(22) and(23) into Eq.(24), summing over tem. A solute molecule in a cavity interacts with the two
q—1 energetically equivalent states for each molecule, an@eighboring solvent molecules with interaction energy
summing over all the possible arrangements of cavities forrhere are two kinds of cavities: the low-entropy cavity asso-
neighboring pairs that are not both in the special state, ongjated with two solvent molecules both in the special state

obtains and the high-entropy cavity associated with two solvent mol-
, ) ) ecules that are not both in the special state. Accommodating
Z(e,T)=e NKTY' (q—1)Nog™(W'Nir+U'NostuNog/kT a solute molecule in the low-entropy cavity forces the two
0,1

(25) neighboring solvent molecules into the energetically favor-
able but entropically unfavorable state. This is the essential
with mechanism of the hydrophobic hydration. But a solute mol-
ecule may occupy the high-entropy cavity, too. The low-
entropy cavities would prevail if the temperature is low
(26) ) " : .
enough, whereas the high-entropy cavities would dominate if
where the sunk( ; runs over two states for each molecule: 1the temperature is high enough. In this way the present
(the special stajeand O(a set of the otheq—1 states The  model may have the temperatufg of the solubility mini-
factor (q—1)"o is due to the degeneracy-1 for each mol-  mum as a result of competition between the hydrophobic
ecule in state 0. The sum in E(4) is identical to the par- hydration atT<T, and the other type of solvation &t
tition function of the original lattice modéf, provided that  >T, .
w’ andu’ are replaced by andu. The present model is thus The ratio p/¢ of the number density to the activity of
equivalent to an Ising spin model or to the correspondingolute in theB phase(solven) is derived based on the po-

one-component lattice gas as the original and relategential distribution theoremY, which reads

models3*®° Let states 1 and 0 correspond to spingthe
direction of the fielg and | in the Ising model. Then the p Pe VKT or u®=—kTIn(Pe kT, (33)

external magnetic fieldH and the spin-spin interaction en- 4
ergyJ in the Ising model are related td —w" andq—1 by  \yherep,_ is the probability of finding a cavity at any given

e=Pvy, W =w+te U =u—kTIn[1+e (e7WkT]

C 1 1 interstitial site amongN such sites between solvent mol-
H=—(Uu"-w')—ZkTIn(q—1), J=_(u"—w’), ecules:
4 2 4
(27) p :M:V*_l (34)
where C is the coordination number. In one dimensidd ( ¢ N '

=2), the partition functiorZ(e,T) is exactly evaluated by

Differentiation of Eq.(33) with respect toP at fixed T and
the standard transfer matrix methtd: a.(33) P

fixed composition gives

_ (a—€lkT N
where gp T P’
1 , where y+ is the isothermal compressibility of the system,
A== (g—1)e "KTx+1+X], (29) T P Y Y
2 1 [gv* i
with ALV T (36)
(u’ =w")/KT iei i is Qi .
X:e u —w PRpe— An explicit expression folyt is given from Eq.(31):

q-1 KTV xr ¢ e 2 x [x—1+X
X=(x—1)%+4xy. (30) vo  (14¢)2 \1tc) X \x+1+yX
Thermodynamic properties of the pure solvent are then 1 x(x—1) 2%

obtained by differentiating the Gibbs free enerdgy X[ 1——— X + . @37
=—KkTInZ or the chemical potentigk,,= —kTIn(e" 9"\, VX(x+1+X)

of solvent. The volume per molecule is given by From the thermodynamic identit21) and Eq.(35), the par-

(dpw!dp)7, which is in a dimensionless form: tial molar volume of A in the solvent for this model is
o g 1 xe Xl (3D) KTye| 24 = (39)
SR DR [ i i S - —|
voN 1+c| 7 X x+1+X ATRIXT 2T B
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FIG. 4. u®/KT as a function off at the six pressurgd=0.1, 10, 20, 30, 40,
FIG. 3. Fit of the Ostwald coefficier® of the one-dimensional model to the gnd 50 MPa(from the bottom curve to the top
experimental, for methane. The points are theoretical values with the pa-
rameters given in Eq39); the curve is from solubility data of Fernandez-

Prini and CrovettdRef. 30. special. These probabilities are all obtained analytically in

the one-dimensional model, for they are just the same as the
orresponding probabilities in  the underlying one-
imensional Ising model with the understanding that a pair
of neighboring] spins is special. The probabiliti?(r) is

then given as

To assign realistic values of the parameters in the modej
solution, we choose a value of, to be fixed at the volume
per molecule of liquid water of 1 g/cinand then find values
of g—1, u, and w to minimize the standard deviation of
T In(P./S®%) over the temperature range from 275 K to0 420 P(r)=Py5(r)+ Poy(r) Pt Poo(r) P2, (41

K. The remaining parameter is given as the average of . o :
ex . where P, is the probability that a cavity be found for any
kTIn(PC/E_ ") over that temperature range. Then we Obtalnnonspecial pair of solvent molecules, which is given by
the following parameter values:
<M> _ Pe—Pyy

q—1=19.64, (u—w)/k=873.15 K, Pen= =
N—(Nyp 1-Py’

u/k=-790.00 K, v/k=669.74 K. (39 whereM is as defined just above E(2). Two of the three
The fit is shown in Fig. 3. It shows that there exists a set ofprobabilitiesP1(r), Poi(r), andPqyy(r) in Eqg. (41) are ex-
parameter values for the one-dimensional model that givepressed in terms of the other afd;: e.g., Poi(r)=2[ P13
nearly perfect fit to the experimental over the wide range —P;4(r)] andPgy(r) =1+ P4(r) —2P4;.
of temperature including ;.

Let us now consider the solvent-mediated pair) of  |v. HYDROPHOBIC HYDRATION AND HYDROPHOBIC
the potential of mean force between pairs of solutes. We tak@TTRACTION
r to be the number ofslolvent. moleculebetween the two Figure 4 showsu®/KT as a function ofT at the six
solutes, not a geometrical distance between them. But the

. ) . pressure$®=0.1, 10, 20, 30, 40, and 50 MPa. The curve at

geometrical distance, sdy, may be defined by the sum of

lengths of solvent molecules and lengths of cavities betwee%he lowest pressure is nearly identical to the experimental

them. and then for eaghat aivenP andT the average can —In 2, for methane at the atmospheric pressure, for the model

be détermined In this mogelzl corresponds to t%e short. Parameters are chosen to fit the experimental data. The figure
. ; shows that with increasing, the whole curve shifts upward;

est possible distance between two solutes. R@t) be the ie., (u™aP)r~vB>0 at any fixedT in that range, which

probability that two pairs of solvent molecules, a pair of the. . . . .
ith and {+1)th molecules and a pair of the €i)th and is consistent with the experimental data for the partial molar

(r +i+1)th molecules, both form a cavity. Then the poten_volume of nonpolar solutes in water. It is also found that the
tial W(r) is given by ' ' temperaturél’; of maximumu®/kT decreases with increas-

(42)

ing P.
P(r) Figure 5 shows the partial molar volurag of the solute
W(r)=—kTIn——, (400 in the solvent as a function dfat the three pressures 0.1, 20,
¢ and 50 MPa. We see that the present model, with the param-

whereP. is as defined in Eq.34). An expression foP(r) is  eter values chosen to fit the experimental solubility of meth-
derived as follows. First, for convenience, call a pair ofane, gives correct magnitude of for methane at the room
neighboring solvent molecules “special” if both molecules temperaturé! We were unable to find the experimental data
are in the special state. Let thén, be the probability that a on the temperature dependencevgf for methane; but the
single pair of neighboring solvent molecules is specialresults given by this theoretical model seem different from
P.4(r) be the probability that two pairs, which ar@part in  those obtained from experiments for other hydrophobic
the same sense &r), are both speciaPy(r) be the prob-  solutes?>?>which indicate near constancy or linear increase
ability that either one of two such pairs is special and theof v, with increasingT. The pressure dependencewgf at
other is not, andPq(r) be the probability that neither is three temperatures 275 K, 325 K, and 375 K is plotted in Fig.
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FIG. 7. —W(1)/KT as a function ofT at the six pressureB=0.1, 10, 20,
FIG. 5. The partial molar volume, as a function off at the three pressures 30, 40, and 50 MP#rom the bottom curve to the top
0.1, 20, and 50 MPa.

The two characteristic temperaturds, and T,, versus

6. The theoretical prediction is qualitatively in good agree-P are plotted in Fig. 8. It shows that, is lower thanT; at
ment with the experimental result for alkylbenzenes inany pressurée.g.,T;=347K andT,=320K at 0.1 MPg
water? at fixed low temperatures,, initially increases and suggesting that the hydrophobic attraction becomes strongest
then reaches a maximum with increasfgvhereas at fixed at some temperature lower than the temperature of minimum
high temperatures, it decreases monotonically with increassolubility. The figure also shows that the two curves are
ing P. nearly linear and parallel to each other.

The solvent-mediated pdN(]_) of the potentia| of mean It was found from pFEViOUS studies of the lattice model
force between pairs of solutes =t 1, divided bykT, is a  that the strength of hydrophobic attractienW(1)/kT in-
measure of the strength of hydrophobic attraction. It is plotcreases nearly linearly with the free enety@*/kT of hy-
ted in Fig. 7 as a function of at the six pressureB=0.1,  drophobic hydratio!*® Figure 9 shows the relation be-
10, 20, 30, 40, and 50 MPa. The strength of attraction agveen u*/kT and —W(1)/KT for the temperature range
measured by-W(1)/kT shows dependences on temperatureffom 275 K to 350 K at 0.1 MPa 4*/KkT is now essentially
and on pressure similar to those pfYkT. At fixed pres- identical withAG*/kT because of the lowW.) The strength
sures it reaches its maximum, temperature of which is wha@f attraction —W(1)/kT increases with increasing®/kT
we call T,, and then turns to decrease with increashgt Over a temperature range from 275 K to 320 K, and then
fixed temperaturetbelow 350 K it increases with increasing turns to decrease. A near linear relation with slight positive
P, and the characteristic temperattfe decreases with in- curvature does hold over a more restricted temperature range
creasingP. We note thatW(1)/kT represents the solvent- (from 275 K to 310 K<T5), where the hydrophobic effect is
mediated potential of mean force at the shortest possible diglominant over the opposite mechanism of solvation. This
tance in this model but may not correspond to the one at godel is designed to capture the hydrophobic effecimi-
contact pair in a real system; computer simulations of methnant at lowT's) and the opposite effectdominant at high
ane in water show that strength of solvent-mediated attracl’s) in such a way that a solute may be accommodated in any
tion increases with increasing pressure at solvent-separat&@Vvity, whether it is associated with a pair of solvent mol-

configurations and at distances shorter than a crossover poigigules both in the special statéhe low-energy and low-
around 3.9 A2 entropy cavity or it is associated with a pair of solvent mol-

ecules that are not both in the special stdtks high-energy
and high-entropy cavily Which kinds of cavities are domi-

80 T
1000 T T T
60 - \
g
£ \
o 40 275K . .
2 325K 8 s0p N\ 1
o
20 - 375K .
0 } \‘\\
0 200 400 0 1 K 1 1
P (MPa) 275 300 325 350 375
T (K)
FIG. 6. The partial molar volume, as a function oP at three temperatures
275 K, 325 K, and 375 K. FIG. 8. T, vs P (solid curve andT, vs P (dashed curve
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FIG. 9. u®/kT vs —W(1)/kT at 0.1 MPa(solid curve and the correspond-

ing plot for those associated with the “low-entropy” cavitiotted curve FIG. 10. Plot of sets u®/kT,—W(1)/kT] at grid points in the area
see text for the definition. The filled and open dots on the two curves frorbounded by the curv@&=T,(P) (dashed line in Fig. )7in the pressure-
left to right indicate temperatures from 275, 280,..., to 350 K. temperature plane.

nant in the solvent depends on the temperature. It is thed. SUMMARY
possible to extract the hydrophobic effect alone by focusing . )
on the low-energy and low-entropy cavities, i.e., the pairs of __ It iS remarked in Sec. | that the temperatdrgof solu-

solvent molecules both in the special states. That is, we dility minimum and the temperatur, of solvent-mediated
ex attraction maximum are characteristic temperatures of the

fine the free energyug of hydration and the solvent- _ . : ;
mediated partWy(r) of the potential of mean force, both hydro_phob|c hydration and the hydrophobic attrgctlon, re-
associated only with the low-energy and low-entropy Cavi_speptwely. The thermodynamics of the hydrqphoblc effec_t is
ties: outlined in Sec. Il. There the thermodynamics of hydration
and solvent-mediated attraction is traced from the low-
temperature rangel< T, or T<T,), where the hydrophobic
p&= —KTIn(Pye KTy, Wy(r)=— kTInP—li(L). (43  effect mapifests itself, to the high temperature range, whgre
Pn the opposite effect dominates. Then a one-dimensional lattice
model, an extension of the previously studied mdfek
These quantities, too, are analytically obtained in this modelproposed with two aims: to capture the solvation and the
The relation betweemg/kT and —W,(1)/kT is plotted in  solvent-mediated attraction of hydrophobic solutes in water
the same figure(Fig. 9 as the plot of u®/kT versus in both the lowT and highT ranges and to consider the
—W(1)/KT. We see a near-perfect linearity, with a slope ofeffect of pressure in addition to that of temperature. The
0.99. This result together with the plot @f*kT versus model parameters were chosen to reproduce the solubility of
—W(1)/KT suggests that the linear correlation between thenethane in water over the temperature interval from 275 K
free energy of solvation and the strength of solvent-mediatetb 420 K at a fixed low pressure. It is found that the strength
attraction is a characteristic of the hydrophobic effect, andf solvent-mediated attraction measured byW(1)/kT
thus eventually disappears at higher temperatures at whickhows trends qualitatively similar to those of the free energy
the other effect becomes dominant. u®IKT of solvation: they initially increase with increasifg
To see how far the linear correlation betweef/kT  but turn to decrease a or T, (T,;>T,); the curve(isobay
and—W(1)/kT holds in the pressure-temperature plane, setef u®YkT versusT and that of —W(1)/kT versusT shift
of [u®/kT,—W(1)/KT] are obtained at grid pointéwith upward with increasing® (Figs. 4 and ¥, and T, and T,
intervals of 0.1 K and 1 MPan the restricted region defined linearly decrease with increasimy(Fig. 8). While the model
by T<T,(P) of the P-T plane, and they are plotted in Fig. seems not to give correct temperature dependence of the par-
10. We see that all the sefg®/kT,—W(1)/kT] obtained tial molar volume of methane in water, the pressure depen-
over the restricted area in tHe-T plane fall into a narrow dences at various temperatures are qualitatively the same as
region which is almost a single straight line with a slope neaexperimental results of hydrocarbons in water. The relation
0.6. As predicted from the previously studied models, thebetween—W(1)/kT andu®/kT is nearly linear at low tem-
magnitude ofW(1) is smaller than that o&® W(1) isonly  perature range but deviates from the linearityTaacreases
aboutkT whereasu®* is about XT or 4kT. This result in- from T,. On the other hand, the corresponding quantities
dicates robustness of the linear relation between the free edlefined as associated only with the low-energy and low-
ergy of hydrophobic hydration and the strength of hydropho-entropy cavities are linearly correlated with each other over
bic attraction: a single, near-linear relation betwegiVkT  the entire temperature range includifig and T, (Fig. 9.
and —W(1)/KT holds not only forT<T, at atmospheric Finally, the model predicts that the linear relationship is ro-
pressure but also for the arébs=T,(P), in the P-T plane  bust in the sense that it holds not only over a temperature
where the hydrophobic effect is expected to be dominantange at fixed pressure or over a pressure range at fixed tem-
over the opposite effect. perature but over a region in tlie T plane where the hydro-
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phobic effect is dominantFig. 10: such a region is identi-
fied as one satisfying<T,(P) at any giverP in the present
model.
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