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Hydration entropy change from the hard sphere model
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Abstract

The gas to liquid transfer entropy change for a pure non-polar liquid can be calculated quite accurately using a
hard sphere model that obeys the Carnahan-Starling equation of state. The same procedure fails to produce a
reasonable value for hydrogen bonding liquids such as water, methanol and ethanol. However, the size of the
molecules increases when the hydrogen bonds are turned off to produce the hard sphere system and the volume
packing density rises. We show here that the hard sphere system that has this increased packing density reproduces
the experimental transfer entropy values rather well. The gas to water transfer entropy values for small non-polar
hydrocarbons is also not reproduced by a hard sphere model, whether one uses the(ZLBrmadhamete} or the
increased 3.2 A) size for water. At least part of the reason that the hard sphere model with 2.8 A size water produces
too small entropy change is that the size of water is too small for a system without hydrogen bonds. The reason that
the 3.2 A model also produces too small entropy values is that this is an overly crowded system and that the free
volume introduced in the system by the addition of a solute molecule produces too much of a relief to this crowding.

A hard sphere model, in which the free volume increase is limited by requiring that the average surface-to-surface
distance between the solute and water molecules is the same as that between the increased-size water molecules, doe
approximately reproduce the experimental hydration entropy values.

© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction in water, there is a large reduction in entropy. This
decrease in entropy is the reason for hydrophobic-
When a non-polar molecule is transferred from ity, i.e. the low solubility of non-polar molecules
a fixed position in the gas phase to a fixed position in water compared to other solvents, at least at
room temperature. But there is still much debate
T Coraond or. Telt 1-301496.6580. faxct 1 in the literature on the origin of hydrophobicity
301_28’28_?”331"”9 author. Tel.:  fax+ and of this entropy changd-5]. . |
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liquid are responsible for the phenomenon of this article that this may not always be the best
hydrophobicity, it is clear that an appropriate mod- choice and that a case can be made for deliberately
el system, whether real or theoretically constructed, choosing a system with different number densities.
would be useful. The hard sphere fluid is a useful  The choice of the proper hard sphere size is a
system for this purpose because it is the simplest difficult issue. For example, it has been pointed
system other than the ideal gas. From the known gyt that water molecules have two sizes, one for
accurate equation of state, most thermodynamic ine hydrogen bonded case and the other when they
quantities can be calculated for this system. The make only a van der Waals contakt3]. There
similarities and differences between this system probably is no completely satisfactory way of
and the aqueous system tend to give insight as 10 o), 4sing the hard sphere size since no real mole-

WE!CE properties Iare cr:)mmon to all liquids ah’?dh cule is a hard sphere. Because many properties of
\évaslcex?é?]sis\?eei:a drtg éne b%?}%ioﬂf i:‘:ﬁ:ﬂqkrﬁv&n a hard sphere system depend sensitively on the
that some prope>r/tiesg for examble the free energy hard sphere si'ze, the uncertainty asspciated with

’ the proper choice of the hard sphere sizes reduces

of cavity formation, can be calculated with sur- the value of the hard sphere system as the reference
rising accuracy from an appropriately chosen hard
P 9 y bprop y [18]. Nevertheless, a hard sphere system

sphere systeni6,7], although some suggest that SYSteml:
this agreement may be more fortuitous than fun- will continue to be a valuable system for the study

damental [3,4]. Sharp et al.[8] used the hard of hydrophobjcity because there will alway:_; be a
sphere system to study the volume-dependent termn€ed for a simple reference system to which the
in the entropy expression. The hard sphere systemaqueous system may be compared.

has served as the reference liquid in perturbation- In this paper, we explore the entropy change
type theories[9] and it and its close cousin, the upon inserting a hard sphere solute molecule into
Lennard—Jones liquid, have been used as a refer-a hard sphere system and relate it to the corre-
ence liquid for comparison with more realistic sponding entropy change for the real system. Since
water models in simulation studi¢$0—13. More the entropy change depends on the hard sphere
recently, combination of simulation and informa- size, we consider two systems, one with the small,
tion theory approach showed that density fluctua- and the other with the larger, size for the solvent
tions within spherical volumes in liquids were molecules. We find that, in the case of the neat
Gaussian in watef2,14], but deviate from Gaus-  system wherein the solute is the same species as
sian in some systems with spherically symmetric the solvent, the hard sphere system that uses the
molecules without hydrogen bond5-17. Such |arger solvent size nearly reproduces the entropy

observati_on_s illqstrgte the vglue of simpler model change of the real system. For the cases when the
systems in illuminating special characters of water. ¢,jute is not the same as the solvent species

A hard sphere system is defineq bY: the size of change of the solvent size alone does not make
the one or more hard sphere species in the system,;

. ) the hard sphere system to produce entropy values
the number density of these species; and thethat are copm arab)qe to thatpof the real sps{em In
temperature. The pressure and other thermodynam-Such cases rl?owever 2 reference s stemyma Have
ic quantities are determined once these thsmss ’ ’ y y

of) parameters are given. Therefore, one has to to be considered in which the number density is

choose appropriate values of these parametersdifferem from that of the real system. We find that

when one constructs a hard sphere system to be2 hard sphere system that uses the larger solvent
used as the reference system for a real systemSizé and the altered number density produces
The temperature is invariably set equal to that of Solvation entropy changes that are remarkably
the real system to which the hard sphere systemsimilar to the corresponding hydration entropy

will be compared. The number density is also changes of the real system. The physical meaning
usually chosen to be the same between the realand possible implications of these observations on
and the hard sphere systems. But we suggest inthe phenomenon of hydrophobicity are discussed.
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condition. We shall refer to the molecules obtained
after this step ‘hard spheres’ since they interact
with other molecules through the hard part of the

D
N1 . N Ve i i i
e ! > Phs potential. However, they still have the internal and

rotational degrees of freedom. We assume that

Real Solution Hard Sphere System

(I these degrees of freedom are completely separable

W) from the translational degrees of freedom and that
the molecules behave like hard spheres when they

N1 N2 | < V', P'hs interact with other molecules. The pressure of the

system rises t@,, upon this step. In step Il, ‘hard
spheres’ corresponding to the solute molecules are
added. The volume of the system is allowed to
av) change during this process by an amount to be
designated as,s per moleculg,; is normally set
equal tov, , the partial molecular volume of the
solute species in the findhon-hard sphepesolu-
tion, but we consider a more general model in this
work in which v, is allowed to be different from

Fig. 1. Decomposition of the constant pressure solvation pro- V2. The .pr.essurfe of the SySt_em generally changes
cess. The process considered is the insertioN,omolecules upon this insertion. Step Il is the reverse of step
of a solute species into a pure liquid containiNg solvent | in which the soft attractive interaction between
molecules under constant temperature and predstep \). molecules is turned back on under the constant

This solute insertion process is considered in four steps as fol- . . — .
lows: Initially the pure liquid has volum&® under pressurg. volume condition. Finally, whew,s is not equal

In step |, the attractive interaction between solvent molecules t0 V,, an additional step, step IV, is needed in
is turned off under constant volume to obtain a hard sphere order to bring the volume of the system to that of
fluid of the same volume. The pressure risepio In step I, the final solution after step V. Step IV is carried

N, hard spheres are inserted, which will turn into the real solute .
molecules when the attractive interaction is turned on later. out for the real(non-hard Sphebesomt'on' The

This insertion process is carried out in such a manner that the Pressure of the system returns to the original

(I

V.p

volume of the system changes ¥ and the pressure o/, pressure in this step.

The attractive interaction is then turned back on in step Ill, The partial molecular entropy of the solutg,

again under the constant volume condition, to obtain a real is aiven by:

solution with volumeV’ and a different pressuyg. Finally, if 9 y:

the pressurg’ is not the same as the pressure of the original

system, the volume of the solution is allowed to change in step _ I(AS +AS, +ASy +ASy)

IV until the pressure reaches the starting pressure. —Sv N>

2. Theory =S +Sm t8v D
in which AS, throughAsS,, are the entropy changes

2.1. Absolute entropy change upon insertion of a in steps | through IV, respectively, is the number

solute molecule in a liquid of solute molecules added, andthroughs, are

the entropy changes per solute molecule in steps
The main process of interest in this paper is that |-V, respectively.s, is missing in the expression
of adding a small amount of a solute species into since AS, does not depend oN.. s, and s, are
a pure liquid under constant temperature and pres-the entropy changes per solute molecule that occur
sure(step V in Fig. 3. We imagine carrying out  entirely within the hard sphere and the real sys-
this process in four consecutive steps as follows. tems, respectively, whereas, is the entropy
In step |, the soft attractive interaction between change per solute molecule upon conversion of
molecules is turned off under the constant volume the hard sphere system to the real system.
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represents the entropy difference between the hardwhere k is the Boltzmann’s constany, is the

sphere model and the real system. number density of species i, arm=h/f2wmikT
The entropy change for step IV is given by: is the momentum partition function of species i,
wherer is the Planck constanty; is the molecular
(98 (9 ) e~ ) mass of species i, anfl is the absolute tempera-
Siv (V2= Vhe)
oV J:\ON, ) B ture. For a system that obeys the Carnahan-—

wherea and 8 are the thermal expansion coeffi- Starling equation of state* is given by [19]:

cient and the compressibility, respectively, of the

soIL_Jtion. We have_ assumgd that the volume changeSe= —Nk{— §(1 —yityatyy+ 3y,+2y3

during step IV is sufficiently small that/B 2 (1-§)

remains constant and recognized that when the 3V —y1—y2—y3/3

solution is dilute, the volume change upon step V +(_Jﬁ

, — ; —o 2 (1-§)

is equal toN,v,. Obviously, wherv,s is chosen to

equalv,, step IV is not needed and the entropy

change associated with this step is zero. +(vs=Din(l _‘g)} (6)
The entropy change upon step Il has been

computed by many, including Sharp et ] who

used the Percus—Yevick equation of state for the In this equation)V is the total number of molecules

hard sphere mixtures. We follow a similar proce- in the system and is the volume packing density

dure but use the Carnahan—Starling equation of defined as:Nv;/V, wherey, =7d®/6 is the phys-

state[19], which is considered to be more accurate, ical volume of a molecule of speciesd; being

and specialize to the infinitely dilute solution. The the diameter of the molecule, andis the volume

procedure is to obtain the expression for the total of the system. For a binary system, y, andy,

entropy of the hard sphere mixture and then obtain are defined as follows:

the entropy change upon solute addition by differ-

entiating the total entropy with respect to the _ _ (d1+d2)
number of solute molecules. ad,
The entropy of a ‘hard sphere’ mixture is given J
by: 2 (g 1dd>
o e
§=S"+5d+ge 3) L&) d;

where S is the entropy due to the internal and 2 ()8 sl
rotational degrees of freedons® is the entropy Y3_{Z(] Xi } '
of the ideal gas mixture of the same composition, '

volume and temperature; an§f is the excess and

entropy. We assume that the internal and rotational —

degrees of freedom of each molecule are inde- , _ |f2(di=d2)® —
pendent, in which cas&" is given by: 2T e g, P2
ST=3 N, st 4 where&; =N, /V andx =N /N. For a sufficiently
whereN, is the number molecules of species i and dilute binary system, E6) can be written as:
s is the entropy of a ‘hard sphere’ of species i Se=k(NA + N,B) 7)
from the internal and rotational degrees of free-
dom. S'¥ is given by: with

. 5 £(4—3¢)
Sld:'k N||i|n iAi3 __} (5) A=——"—"> (7a)
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and

B=(r— 1)2{In(1 —§—-A
5-3¢
]

wherer=d,/d,.

The entropy change upon step Il solute insertion
per molecule is given by:

+{2In(1 —§&)— (7b)

s =0S/0N,=sb + 59 +55 €))
in which

: 3 Vi
s5‘=—kln(pzA%)—5—vT“l, (8a)

wherev, is the partial molar volume of the solvent
species and

s§=k(A+B+C) (8b)
with
coy A 9A aE
IN, 0 N,
_ 2R (v
et (89

We have assumed that the solution is so dilute
that the partial molar volume and the packing

density of the solution is the same as those of the

pure solvent and that th¥,0B/dN, term can be

ignored.

2.2. Connection to the experimentally measurable
transfer entropy changes

The entropy change,, computed above is the
total entropy change that includes the contribution
from the translational degrees of freedom of the

177

) V
s.2=slzr+k[\7_hs_0(T]+se2+S|||+S|V
1

(10)

Since the only degrees of freedom that contrib-
ute to the entropy of a molecule fixed at a position
in the ideal gas phase is internal and rotational
degrees of freedom,

sy(ga9 =s%(gas. 1D

If we now assume that the entropy from the

internal and rotational degrees of freedom in the
‘hard sphere’ phase is the same as that in the ideal
gas phase, i.e.

si(h.s. liquid =s%5(gas, (12

the Ben-Naim standard entropy change upon gas
to liquid transfer process is given by:
N .
sy=s5(liq) —s (gag=k o —aoT [+5%
1

+S||| +S|\/ . (13)

This expression can be used to compyjefor
a given hard sphere model using the experimental
solvation entropy values and the properties of the
solvent. Equivalently, we will define calculated
entropy change for the hard sphere mods},(hs),
as

V
As>(hs) =k[\7—hs—aT] +55+5v
1

14
and compare it to the experimentally measured
As,. The difference between these two quantities
3. Methods and results

3.1. Entropy of pure liquids

We first consider the case wherein a molecule

solute molecule. The entropy change upon inser- is transferred from the gas phase to its own neat

tion of a solute molecule at a fixed position in the
liquid is given by the Ben-Naim standard entropy,
s5, which is related to the total change (80,21

so=s5—k In(p,A3) +k(aT +3/2). 9

Combining Egs.(1) and (8) and Eg. (9), we
obtain

liquid phase. The liquids and their physical prop-
erties used are listed in Table 1. The hard sphere
sizes chosen are the conventional ones that have
been used in the literature. The experimental and
the hard sphere modéhsl As, values are given

in Table 2. The experimental values are those
reported by Ben-Naim and Marcu2]. These



178 G. Graziano, B. Lee / Biophysical Chemistry 101-102 (2002) 173-185

Table 1 Table 2
Some physical properties of the selected liquids at@5 The experimentalexp) and hard sphere modéhsl) As; val-
ues for the transfer from gas to the neat liquid phase in J
d Vi ax10® £ K~*mol~* units at 25°C
(A) (cm® moly) (K™Y
n-CH,, 578  116.12 1.501 0.524 Asy(exp AsyhsD
C(CH,), 5.80 123.31 1.200 0.499 n-CsHy, —39.8 —42.3
n-CgHy4 6.02 131.62 1.407 0.523 C(CHy), -36.2 —36.0
c-CgHis 5.63 108.75 1.214 0.517 n-CeHiy —45.9 —-41.6
Benzene 5.26 89.41 1.240 0.513 ¢-CgHy» —44.4 —-39.8
Toluene 5.64 106.86 1.086 0.530 Benzene —45.2 —-39.0
CCl, 5.37 97.09 1.226 0.503 Toluene -50.3 —425
H,O 2.75 18.07 0.257 0.363 CCl, —42.5 —-36.9
CH;OH 3.69 40.73 1.189 0.389 H,0 -51.3 -14.0
C,HsOH 4.34 58.68 1.089 0.439 CH;0OH —-56.7 —-19.2
C,HsOH —65.5 —255

d: Hard sphere diameters froif@8] for n-pentane and:-
hexane, from{7] for neopentane, fron6] for water, and from

[49] for all other liquids.v, : Molar volumes from the same is not present in the hard sphere svstem. However
references as for the hard sphere diameterghermal expan- P p y ) ’

sion coefficients fron[50] for n-pentanep-hexane, methanol there is also the_less well recan'Zed_ 'Ssue_Of the
and ethanol, and frorj61,53 for all others£: Volume packing proper solvent size to use. As mentioned in the
density. Section 1, two sizes can be assigned to water

molecules, one for the case when they hydrogen

were obtained as the temperature derivative of the bond and another, a significantly larger one, for

corresponding Gibbs energy differende;", along the case .when t_hey do not. The .result of T_able 2
the liquid—vapor equilibrium line rather than along Was obtained using the size that is appropriate for
the constant pressure condition, but the difference the former case. However, since a hard sphere
should be negligiblg23]. The modelAs;, values ~ System does not have hydrogen bonds, one could
are those obtained using E(L4) with the v, set ~ argue that a more proper hard sphere model would

to equalv, , which in this case is equalig , the Pe€ the one with the larger size.
molar volume of the liquid. The possible sizes of water, methanol and eth-

Table 2 shows that both the experimental and 210l molecules after their hydrogen bonds have
the model entropy values are negative for all g?e” turnfed off are g't:/e?_m TazIeJB. The 3.17 A
liquids. This is an expected result since the solute !{amgterthor \’Svggz'St ?j Ien?ar I gzﬁspardam-
and solvent are the same species in this case an etr In 3?15°A ; mt% el of watge4] ?n N th
the reported entropy values represent the entropy etween o. or (e Same parameter in the

P o TIP4P model[25] and 3.2 A that one of us used
per molecule of the pure liquid. Liquids have a . i K[26]. The 4.10 and 4.66 A
structure and, as was pointed out ear(i2t], the In-an ?_arller fwor th. Ie d t?]n I. t1h
entropy values given represent the increase in the eSPECUVEly, Tor methanol and €thanol are the
amount of structure due to the increase in the size diameters of the spheres that have the same volume

of the system by one molecule. Table 2 also shows
Table 3

that the experimental and the model entropy values Alternate diameter, packing density and the experimeiete))

agree well for 61_|| non-polar liquids. In contrast, and hard sphere modéis2) neat phase transfes; values for
the agreement is poor for water, methanol and hydrogen bonding liquids at 2%

ethanol, which form hydrogen bonds.

An obvious possible reason for the large differ- ‘é&) € (AJS'zé‘i’ip?nol_l) (AJS'ZSE) oY
ence between the model and the experimental
entropy values in the case of water is that the ngOOH i'ic?) 8-222 *gé-g *g-g
difference represents additional structure in real %" : : 90 e
P C,HOH 466 0544 —655 —45.9

water that is due to the hydrogen bonding, which
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Ase vs diameter

-Ase/k

0 1 2 3 4 5 6 7
Diameter (A)

Fig. 2. Negative of the experimentébpen circleg and model(closed circley hydrationAs, values, in units ok the Boltzmann's

constant, as a function of the diameter of the solute molecules. The first two points are for water as solute species, with 2.75 and
3.17 A diameters. The other points are for methane, ethane, propane, isobutane, normal butane and neopentane. The calculations
for these latter solutes were made using the hs3 mdé8ek the texi.

as that obtained from the van der Waals volume- entropy values were also calculated for transfer of
increments for each moleculgl8,27. Although methane and ethane from the gas phase to benzene.
the entropy values calculated from this model The solvent properties used were as given in Table
(hs2) are still smaller than the experimental values, 1 andv,, was set equal 1o, for both of the solute
they become remarkably similar to the experimen- species. The experimental and the modst,

tal vajues. The change in the entropy values for values are given in Table 4. The model values are

water can also be seen by the first two pairs of sensitively dependent on the value of the partial
points in Fig. 2, which show the experimental and y dep . P
molar volume of the solute species used and the

model entropy values for water with 2.75 and 3.17 ’ e
A diameter, respectively. use of slightly largew, yields models;, values

that are nearly identical to the experimental values.
The required change in the valuegf is not large

In order to provide a contrast to the hydration in view of the uncertainties associated with the
data to be presented in the next sub-section, theexperimental values. We note, for example, that

3.2. Solvation of hydrocarbons in benzene
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Table 4 group contributions provided by the same group.
The diameter, partial molar volume in benzene and the exper- The compressibility of water used was X460~ 12

imental (exp) and hard sphere modéhs) As; values for the .
transfer of methane and ethane from the gas phase to liquid sz/dyne at 25°C. TheAs (exp) values are from

Asy(hs3d values given are the solvation entropy
d v, Asi(exp) Asy(hs) changes calculated for the three different hard
(A) (em’ mol™) (K™ mol™) (I K™ mol™h) sphere models described below.
CH, 3.70 52(57) -37 —10.4(—3.9) In the first model(hs1), the normal size, 2.75
C,Hs 4.38 73(76) —-8.4 -12.0(-8.D A, was used for water ang,,, was set equalto
d: Hard sphere diameters frof82]. v,: Partial molar vol- This model gives solvation entropy values that are
umes from Ben-Nainj28], p. 320. The values in parentheses Mmuch less negative than the corresponding exper-
are those that produce nearly experimerftat;, values.Asy: imental hydration entropy changes. When the size

Ben-Naim standard gas to benzene transfer entropy. The exper-of the solvent hard spheres was increased to 3.17

imental(exp) values are fronj53], after correction to the Ben- A

Naim standard. The model values in parentheses are thoseﬁ (hs2, the Sel(l:ond mlodel the entro%y variues f

obtained using the, values in parentheses. eca_me generally even less ne_gatlve than those for
the first model and changed sign for some solute

the experimental partial molar volume of methane SPECIes. _
in benzene is quoted as 52 dm mdl by Ben- The hard sphere system hs2 is more crowded

Naim [28] and Smith and Walkley29], but as 57 than hsl since the size of the solvent molecules
cm® mol-* by Miller and Hildebrand30]. Thus has been increased without increasing volume. The

in the case of dissolution of these solute species €Xtent of crowding can be measured by means of

in benzene, the hard sphere model reproduces thdh® volume packing densitg, but this measure
experimental solvation entropy values rather 9ives the amount of empty space relative to the

accurately. physically occupied space. An absolute measure
of the size of the empty space is given by the
3.3. Hydration of hydrocarbons notion of the ‘border’ thicknes$33,34. The bor-

der thickness,d;, of species i in a solution is
The necessary data and the results of the cal-defined by

culations for the entropy change for the hydration — 3
of small hydrocarbon molecules are compiled in Vi=(m/6)(di +25,)". (15
Table 5. The partial molar volumes for methane, As examined in great detail by one of us some
ethane and propane are the experimental valuestime ago [34], the border thickness defined this
from Cabani et al[31]. The values for the other way gives the thickness of the shell around the
three solutes are estimates calculated using thesolute molecule that is devoid of solvent if solvent

Table 5
Hydration entropy changes of small hydrocarbons at@5

do vy Vis (hs3 As, (exp) As>, (hs1) As, (hs2) As, (hs3

(A) (cm® mol~%) (cm® mol~?) U K *mol Y U K *mol™}) U K *mol™Y) (J K *mol %)
CH, 3.70 37.3 26.6 —64.4 —13.7 37.6 —51.6
C,Hg 4.38 51.2 41.0 —83.2 —26.5 18.1 —66.9
CsHg 5.06 67.0 59.8 —97.9 —47.2 —25.6 —85.6
i-CsH,, 555 829 76.5 —106.0 -59.3 —452 —985
n-C4Hqq 5.65 83.1 80.2 —108.3 —-70.5 —-79.4 —103.6
C(CHy), 5.80 98.2 86.0 —-111.7 —50.0 -1.1 —102.8

d: Hard sphere diameters for neopentane fiiginand for all other alkanes frori82]. v,: Partial molar volumes of the solutes
from [31]. v,s Step Il volume expansion per mole of solute added. From(E@).. Asy: Ben-Naim standard gas to water transfer
entropy. The experiment&exp) values are froni32]. See the text for an explanation of the mode$1, 2, 3 values.
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Table 6
Values of different terms that contribute 207, of methane hydration from different hard sphere models at@5
A B C Vho/Vi—al siv/K Sunt As, (exp)/k
Hsl —2.604 0.674 —1.708 1.988 0 -1.65 -7.75
Hs2 —-6.577 0.415 8.697 1.988 0 4.52 —-7.75
Hs3 —6.577 0.415 —2.166 1.395 0.719 -6.21 -7.75

aSum of the terms across each row. Equals calculatadk.

Table 7
Values of different terms that contribute to the mode}, at 25°C
A B C Vhe/Vi—al siv/K Sunt

CH,(b)® —5.323 0.779 3.085 0.212 0 —1.25
C,Hg(b)® —5.323 0.270 3.158 0.447 0 —1.45
Watef —6.577 0 0 0.923 0 —5.65
CH/ —6.577 0.415 —2.166 1.395 0.728 —-6.21
C,Hd —6.577 2.405 —6.767 2.192 0.694 —8.06
CsH —6.577 6.460 —13.900 3.233 0.490 —10.30
i-C,H, & —6.577 10.922 —20.787 4.157 0.436 —11.86
n-C,H 8 —6.577 12.009 —22.449 4.362 0.197 —12.46
C(CH,) —6.577 13.759 —25.055 4.683 0.830 —-12.37

aSum of the terms across each row. Equiis/k.

®In benzene,

©Using 3.17 A. |

d1n water of 3.17 A diameter, using the hard sphere model hs3.

is considered as a continuum of constant packing v,,.=(/6)(d ;425 ,)°. (16)
density. The value ob for water in water at 25 ) .

°C is 0.55 A whend=2.75 A but decreases to Note thatd; is the diameter of the solute molecule
0.34 A whend=3.17 A. On the other hand, the but 8, is 0.34 A, the border thickness of the
border thickness for methane in water is 0.61 A, increased size water molegules.

This means that, when a hard sphere of the size The values ofv,s given in Table 5 were com-
of a methane molecule is added in step Il and the Puted using Eq.(16). The hard sphere system
volume is allowed to increase by the partial molar obtained after this volume increase no longer has
volume of methane, the average distance betweenthe same number density as the original real
the surfaces of methane and water molecules isSolution and the density has to be adjusted in step
0.61+0.34=0.95 A, nearly 50% larger than IV. The entropy values calculated for this hard
2x0.34 fA, the average surface-to-surface distance sphere system, hs3, which uses thege values
between water molecules. This will create an extra and 3.17 A as the diameter of water molecules,
entropy for the system as some of the water are given in the last column of Table 5 and
molecules ‘spill out’ into the border region compared to the experimental values in Fig. 2. It
between methane and water. In order to preventcan be seen that this hard sphere model gives
this from happening, one can limit the volume values that are remarkably similar to the hydration
increase in step Il so that the surface-to-surface entropy values of the real system.

distance between methane and water molecules is In order to see which features of the model
the same as that between water molecules. Thisproduce the different entropy values, the values of
can be done by increasing the volume of the the various terms that contribute to the entropy
system by, per molecule given generally by: change were calculated. They are given for the
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three hard sphere models for the hydration of expected from those made of totally spherical
methane in Table 6 and for several different solute molecules.
and solvent species for selected hard sphere models For pure liquids made of molecules that form

in Table 7. hydrogen bonds, there are at least two possible
sizes to consider for the hard spheres. In the case
4. Discussion of water, the inter-molecular distance of closest

approach is near 2.8 or 32 A depending on
whether the two molecules hydrogen bond or not,
respectively. The entropy of the hard sphere model
with the smaller size, hsl, is much larger than that
As indicated in the Section 1, real molecules of real water(Table 2. One obvious reason for
are not hard spheres and it is not always easy tothis is that the molecules in hs1 are freely rotatable
determine the proper hard sphere model that would whereas the rotational degree of freedom in real
be most useful as a reference for the real aqueouswater is highly restricted because of the hydrogen
system. There are three types of systems in termsbonds. There is also a less obvious reason: In the
of the ease with which a hard sphere model can hard sphere model, all interatomic distances in the
be constructed: the non-polar liquid of small nearly range of 2.8 and 3.2 A will occur with approxi-
spherical molecules, for which there is no substan- mately equal probability whereas, in real water,
tial ambiguity in selecting the hard sphere size or interatomic distances will tend to occur at either
the number density; the neat, polar liquid, for 2.8 or 3.2 A and much less frequently in-between,
which the main issue is the choice of the proper at least at room temperature. Thus, molecules in
hard sphere size; and the aqueous solution of non-hs1 are expected to have more translational degree
polar solute, for which one has to choose both the of freedom as well as an increased rotational
hard sphere size and the number density. degree of freedom. The actual difference between
For the straightforward case of the non-polar the hsl and real water, as measured by, is
neat systems, hard sphere models produce entropy37 J K-* mol* (Table 2. This is comparable to
values that are similar to those of the real systems the rotational contribution to the gas phase entropy;,
(Table 2. This means that,, is nearly zero, and  which is 43.8 J K* mot® for water at 25C,
since the system is pure, thas,, is nearly zero. calculated using the characteristic temperature val-
Thus, the entropy of these liquids is determined ue of 22.3°C [36]. The fact that the former value
mainly by the hard core packing effects and is not is not larger, but somewhat less, than the latter
much altered by the soft interactions. This is a suggests that not all rotational degree of freedom
well-known observation[35]. The model values s frozen in real water. It should be noted that
are generally somewhat less negative than the realsome 20-30% of all possible hydrogen bonds in
values, suggesting either that the molecular sizeswater are thought to be broken at 25 [37,39.
used are systematically a little too small or that  The hard sphere model with the larger size, hs2,
the soft interactions do reduce the entropy slightly is in a way a more natural model system since this
further. For the case of the methane and ethaneis the system that will be obtained if the hydrogen
dissolution in benzene, hard sphere models arebonds were simply turned off from real water. This
again essentially straightforward to choose, model will have the same rotational entropy as
although there is a minor problem stemming from hs1 but less translational contribution since inter-
the experimental uncertainty associated with the atomic distances less than 3.2 A do not occur in
volume change of the system. The models give this system. It is remarkable that the valuesgf
entropy values that are comparable to or slightly is nearly zero with this mode(Table 3. Thus,
more negative than the real systéifable 4. This hs2 is a model system wherein the increase in the
suggests that the non-spherical shape/anihter- rotational contribution to the neat phase entropy is
action potential of benzene molecules make the nearly perfectly canceled by a reduction in the
packing slightly looser in these solutions than translational entropy.

4.1. Choosing the proper hard sphere model
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For the hydration of hydrocarbons, again two increase upon the solute insertion. This is done in
models can be considered: hsl, which uses thesuch a manner that the average surface-to-surface
2.75 A size water, and hs2, which uses 3.17 A. distance between the solute and solvent molecule
Both of these models produce hydration entropy is the same as that between the solvent molecules.
values that are substantially larger than the exper- This causes the volume of the model solution
imental values, even becoming positive for small unequal to that of the real solution, necessitating
solute speciegTable 5. The usual interpretation the additional step IV to complete the thermody-
of this observation would be that a structure forms namic cycle. The fact that this model produces a
around the solute species in real water that is larger negative entropy change is not surprising,
absent in the hard sphere model or that the waterbut the degree to which this model reproduces the
molecules around the solute molecule lose addi- experimental values is remarkable. This indicates
tional rotational degree of freedom. While this is that the large reduction in entropy, which is a
possible, it is important that other possible reasons hallmark of the hydrophobic effect, can arise from
are carefully examined and eliminated before such causes other than the formation of hydrogen-
conclusions are drawn. In the case of hsl, one bonded structure or loss of orientational degree of
obvious possibility is that the model contains hard freedom.
spheres that are too small so that the newly
introduced solute species has more room to move4.2. The entropy formula for the hard sphere
about than in real water. Approximate magnitude system
of this effect can be discerned by comparing the
values of termi in the expression fosg, Eq. (8b), One of the virtues of the hard sphere system is
for hsl and hs2. Termi depends only on the that the entropyand other thermodynamic quan-
solvent packing densit¢see Eq(7a) and the next tities) can be calculated analytically so that it is
sub-sectiol, which is low in hs1 and high in hs2. possible to dissect the total into several compo-
As can be seen in the example of methane hydra-nents and examine each of them in detail. The
tion (Table 6, the effect is substantial, which values of each term that contributes to the entropy
indicates that the low solvent packing density is change are given in Tables 6 and 7.
indeed a major reason for the relatively high Eq. (8b) shows that the excess entropy change
hydration entropy of the hs1 model. upon addition of a hard sphere into a system of

On the other hand, the reason that hs2 produceshard spheres is given by the sum of three terms.
even higher hydration entropy than hsl is that According to Eq.(7a), term A is always negative
term C is large for hs2. This term arises from the since the volume packing density of common
change in packing density upon the introduction liquids is always between O and 1. This term is
of the solute moleculésee Eq.8c) and the next  present even when the solute added is the same
sub-sectioh Even though the solute molecule has species as the solvent. Therefore, this term repre-
the same physical size and causes the same volumesents the reduction in entropy due to the increase
increment in both models, there is a large negative in the amount of structure upon increasing the size
change in packing density in the hs2 model of the system by one molecule, regardless of
because the starting solvent packing density is whether the molecule added is the same as or
high. As described in Section 3.3, the solvent different from the solvent species.
molecules ‘spill over’ into the free volume around Calculations using Eq(7b) show that the term
the solute molecule in this model. Therefore, both B is positive for all values of and&, except when
the relatively high A term in the hsl model and r=1, in which case it is zero. Thus, this term
the large C term in the hs2 model arise from raises solvation entropy when the solute is either
features of the models that are probably absent in larger or smaller than the solvent. The presence of
real water. this term presumably reflects the fact that there

Model hs3 is a modification of hs2, in which are more ways to pack a set of differently sized
the ‘spill over’ is prevented by limiting the volume  spheres than that of uniformly sized spheres. This
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contribution can be substantial when the size in benzene. Table 7 shows the hs3 model expla-
difference is largegsee Table . nation of this phenomenon: the reason is that term
Term C arises from the change in the volume C is negative for the hydration but is positive for
packing density when a solute is added. This term the solvation in benzene. According to E®c),
is zero when the solute added is of the same the sign of termC is determined by the factor
species as the solvent, since the packing density(v,s/v,—r®). Using Eq.(15) for v, and assuming
does not change in this case. When the solute isthat v,s is given by Eq.(16) even for methane
of different size than the solvent, this term is and ethane in benzene and tigtis small, this
usually norE-zero. 5?@A/a§ term in E48c) is factor is approximately given by:
equal to- (pps—pid/Pie, Wherep,s and pq are _
the pressures of the ‘hard sphere and ideal gas(Vas/Vi—r)=6r(1—r)d4/d; an
systems, respectively, that are obtained from the Thus theC term is positive for the solvation of
pure solvent system under the constant volume methane and ethane in benzene simply because
condition. Because this term is large, tethmakes  the solute molecules are smaller than the solvent
a large contribution to the solvation entropy, either molecule(r<1). For solute molecules larger than
positively when the volume is allowed to increase penzene, this term will become negative, as in the
by more thanv®v, or negatively when the volume case of the hydration. However, this term will
is fixed or allowed to increase by less thatv,. remain larger in magnitude for hydration than for
This makes it important that the conditions for solvation in benzene becausg, to which both
step Il be chosen judiciously if the hard sphere 4, and$, are compared, is smaller for water than
model is to yield a useful result. Sharp et [8] for benzene. Therefore, this hard sphere model
considered a number of different conditions. The corroborates the suggestion made earlier by us
condition of the hs3 model is novel. It is designed [7,39,4Q and by other§41—-47 that it is the small
to make the spacing between the solute and solventsize of water molecules that produces the hydro-
molecules the same as that between the solventphobicity. The caveat is that it is difficult to

molecules when they do not hydrogen bond. establish if the hs3 model is indeed the appropriate
model for water.
4.3. Implications to the hydrophobicity Finally we note that the experimental; values

for hydration are linearly related to the size of the
We note first that both the experimental and the solute moleculegFig. 2) and that the point for

calculatedAs, values are negative for all cases the gas to neat phase transfer of water falls in the
considered, including pure polar and non-polar same line when the larger size is used for water.
systems, solvating non-polar molecules in a non- The model values are always less negative than
polar solvent, and of course hydration of non-polar the experimental values, but follows the same
solutes. Therefore, the fact that hydration entropy general trend with respect to the solute size. Also
change is negative, by itself, does not indicate that the fact that the neat phase transfer of water falls
water forms an additional structure when a non- on the same line is consistent with the hard sphere
polar solute molecule is inserted. According to the model in which water is treated like any other
hard sphere model, the negative entropy for the non-polar solute, except that its size happens to
solvation of a methane and ethane in benzene coincide with that of the solvent. The size depend-
(Table 7 arises from the presence of tern This ence is, however, not linear in the hs3 model since

term is present in all cases and, as noted above,the termsB, C and (v,,o/V;—aT) all show cubic
represents an increase in the amount of structuregependence od,.

due to the increase in the size of the system upon
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