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Hydrophobicity of benzene
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Received 30 June 1999; received in revised form 10 September 1999; accepted 10 September 1999

Abstract

The present work tries to clarify the molecular origin of the poor solubility of benzene in water. The transfer of
benzene from pure liquid phase into water is dissected in two processes: transfer from gas phase to pure liquid
benzene; and transfer from gas phase to liquid water. The two solvation processes are analyzed in the temperature
range 5]1008C according to Lee’s Theory. The solvation Gibbs energy change is determined by the balance between
the work of cavity creation in the solvent, and the dispersive interactions of the inserted benzene molecule with the
surrounding solvent molecules. The purely structural solvent reorganization upon solute insertion proves to be a
compensating process. The analysis shows that the work of cavity creation is larger in water than in benzene, whereas
the attractive energetic interactions are stronger in benzene than in water; this scenario is true at any temperature.
Therefore, both terms act in the same direction, contrasting the transfer of benzene from pure liquid phase into
water and determining its hydrophobicity. Q 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Hydrophobicity, the poor solubility of non-polar
compounds in water, is a well-known natural
phenomenon. After the famous work by Kauz-

w xmann 1 , it is considered the driving force for the
folding of globular proteins, the assembly of mi-
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celles and double-layer membranes, and the large
w xvariety of molecular recognition processes 2,3 .

However, a complete understanding, at a molecu-
lar level, of the physical origin of hydrophobicity

w xis still a matter of debate 4 . In this respect, also
the choice of the standard state to correctly mea-
sure the thermodynamic quantities has given rise

w xto long-standing controversy and confusion 5]7 .
Actually, in our opinion, Ben-Naim has provided
a definition of solvation that is coherent and
consistent from the physico-chemical point of
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w xview. According to Ben-Naim 8 , the solvation
process is defined as the process of transferring
the solute molecule from a fixed position in an
ideal gas phase to a fixed position in the liquid
phase at constant temperature and pressure. This
definition, coupled to the use of the molar con-
centration scale, eliminates the volume effects
Ž .thermal roaming of the solute molecules pre-
sent when transferring molecules between phases

w xwith different densities 8 . In the present work
we use only Ben-Naim standard quantities, de-
noted by a superscript filled circle.

It is well-known that aromatic and aliphatic
hydrocarbons differ considerably in water solubil-
ity; in fact, the solubility of liquid benzene in
water at 258C amounts to 4.01=10y4 whereas
that of liquid cyclohexane is 0.117=10y4 , both
expressed in mole fractions, even though the two
hydrocarbons have rather similar molecular

Žweight and polarizability p-cloud vs. six additio-
. w xnal CH bonds 9 . At room temperature the

transfer from pure liquid phase to water is slightly
exothermic or athermic for aliphatics, but en-
dothermic for aromatics; the heat capacity incre-
ment upon transfer to water, when normalized to
the accessible surface area proves to be smaller

w xfor aromatics than for aliphatics 9 . Finally, a
significant difference in the osmotic second virial
coefficient in water between aromatics and

w xaliphatics has been pointed out 10 . All these
findings have led some authors to suggest that the
hydrophobicity of benzene would be caused by a
mechanism different from that operative for
aliphatic hydrocarbons. In particular, Makhatadze

w xand Privalov 11 concluded that ‘the hy-
drophobicity of aromatic hydrocarbons results not
from thermodynamically unfavorable interactions
with water, but from their more favorable interac-
tions with each other’. In other words, the ener-
getic interactions between aromatic molecules in
their pure liquid phase would be so strong to
dominate the thermodynamics of transfer into
water, even though it is well established that weak
H-bonds are formed between the aromatic ring

w xand water molecules 12,13 . The matter is very
important for a better understanding of the stabil-
ity of globular proteins, because Burley and Pet-

w xsko 14 pointed out that aromatic side-chains are

clustered in the protein interior, assuming a her-
ringbone geometry, resembling the disposition of

w xbenzene molecules in the crystal structure 15 .
The theoretical approach developed by Lee

w x16]19 has proved successful to interpret and
rationalize the many and puzzling facets of hy-
drophobicity for aliphatic hydrocarbons and noble

w xgases 16,17,20]22 . Two fundamental points are
recognized by Lee’s theory. First, the standard
Gibbs energy change upon solvation is de-
termined by the balance of two contrasting fac-

Ž .tors: a the excluded volume effect, owing to
cavity creation in the solvent, which opposes sol-

Ž .vation; and b the establishment of attractive
dispersive solute]solvent interactions, which fa-
vor solvation. Second, the purely structural reor-
ganization of solvent molecules upon solute inser-
tion affords compensating enthalpy and entropy
contributions, and so does not affect the Gibbs
energy change. Hydrophobicity results from the
extremely large excluded volume effect in water,
due to the very small size of water molecules.
This geometric feature seems to play the decisive
role in the context of solvation thermodynamics.

On this basis, we think it necessary and useful
to apply Lee’s theory to analyze the hydrophobic-
ity of benzene, as prototype of aromatic hydrocar-

w xbons. Following Herzfeld’s suggestion 23 , we
dissect the transfer from pure liquid phase into

Ž .water in two steps: a transfer from gas phase
into pure liquid phase at equilibrium vapor pres-

Ž . Ž .sure i.e. gª l process ; and b transfer from gas
Ž .phase into water at 1 atm i.e. gªw process . As

a consequence, the change in the standard ther-
modynamic quantities for the lªw process is
given by:

v Ž . v Ž . v Ž . Ž .D X lªw sD X gªw yD X gª l 1

where X stands for C , H, S and G. It is impor-p
tant to remember that the thermodynamic quan-
tities associated with the transfer of non-polar
compounds into water markedly depend on tem-

w xperature 9,17,22 , since the heat capacity change
w xis large and positive 24 . Therefore, for a com-

plete description of such phenomena, one should
consider the behavior of thermodynamic func-
tions over a large temperature range, not simply
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their value at an arbitrarily chosen temperature.
Indeed, we analyze the three transfer processes
over the temperature range 5]1008C, arriving at
interesting conclusions.

2. Theory of solvation

The change in a thermodynamic quantity upon
transfer of a non-polar molecule from gas phase
into a liquid solvent is made up of two parts: the
solute insertion represents the direct perturba-
tion; while the reorganization of surrounding sol-
vent molecules represents the response of the

w xsolvent to the direct perturbation 19,22 . In fact,
w xthe solvation enthalpy change is given by 17 :

v Ž .D H sE qD H 2a r

where E is the purely dispersive solute]solventa
interaction energy, and is the enthalpic part of
the direct perturbation. The term D H is ther
enthalpy change associated with the purely struc-
tural solvent reorganization that happens as a
result of the direct perturbation.

For the entropy the situation is not so simple;
in fact, the solvation entropy change is given by
w x25 :

v Ž .DS sDS sDS qDS 3r x nx

The entropy change upon solvation is entirely
due to solvent reorganization because the solute
molecule is fixed in space using Ben-Naim’s stan-
dard. However, the excluded volume effect for
cavity creation has to be considered the entropic
part of the direct perturbation, not a response to

w xit 22,25 . The term DS is the entropy contribu-x
tion due to the excluded volume effect; we set
DS syDG rT , since the work of cavity creationx c
is entirely entropic and due to the excluded
volume effect associated with the reduction in the
size of the configuration space accessible to the

w xsolvent molecules 26,27 . A further reorganiza-
tion of solvent molecules around the solute hap-
pens as a response to the direct perturbation,
both volume exclusion and turning on

w xsolute]solvent attractive potential 22,25 . The
term DS represents this non-excluded volumenx
contribution to the total entropy change upon
solvation; Lee has shown that it compensates the
enthalpy change due to the purely structural sol-

w xvent reorganization 17,18 :

Ž .TDS sD H 4nx r

The demonstration of this relationship is a crucial
point of Lee’s Theory of Hydrophobicity. As a
consequence, the total solvation Gibbs energy
change is given by:

v Ž .DG sE yTDS sE qDG 5a x a c

3. Calculation procedure

The Gibbs energy cost to create a cavity in a
liquid is calculated by means of scaled particle

w xtheory, SPT 28,29 . For water we use a hard-
˚sphere diameter equal to 2.75 A, close to the

location of the first peak of the oxygen]oxygen
w xradial distribution function of water 30 . For ben-

zene we use a hard-sphere diameter equal to 5.26
˚ w xA 31 ; this value is close to the first peak of the
ring center-ring center radial distribution func-
tion of liquid benzene at room temperature, as

w xdetermined from X-ray scattering 32 , and com-
w xputer simulations 33,34 . The values of the hard-

sphere diameters are considered temperature-
w xindependent 35 . Therefore, the temperature de-

pendence of DG is solely due to that of liquidc
density, a quantity experimentally determined
over a large temperature range for both benzene
w x w x36 , and water 37 . In particular, the solvent
packing density, j, passes from 0.526 at 58C to
0.465 at 1008C for liquid benzene; and it passes
from 0.364 at 58C to 0.349 at 1008C for liquid
water.

The excluded volume entropy contribution is
calculated according to the relation DS sx

w xyDG rT 22,25 ; the non-excluded volume en-c
tropy contribution, DS , is obtained, at any tem-nx
perature, by the difference DS v yDS .x
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The purely dispersive solute]solvent interac-
tion energy E is calculated by means of Pierotti’sa

w xformula 29 :

3Ž . Ž . Ž .E sy 64r3 Rj« s rs 6a 12 12 1

Ž . Ž .1r2where s s s qs r2, « s « « , and «12 1 2 12 1 2 1
and « are the Lennard]Jones potential parame-2
ters for the solvent and solute, respectively, mea-
suring the magnitude of the maximum attractive
potential energy. We use «rks85.3 K for water,

w xand 531 K for benzene 16 . The temperature
dependence of E originates from that of thea
solvent packing density. On the other hand, the
solvent reorganization contribution to the en-
thalpy change, D H , is obtained, at any tempera-r
ture, by the difference D H v yE .a

4. Experimental data for the gª l and gªw
processes

Since the experimental condensation data refer
to different pressures, we cannot obtain thermo-
dynamic solvation functions at a constant pres-
sure for the gª l process of benzene. However,

w xMarcus and Ben-Naim 38 showed that, to a
good approximation, the variation in pressure
between 0 and a few atmospheres causes a negli-
gible effect on DGv. Therefore, by assuming that
benzene in the gas phase obeys the following
equation of state:

Ž .p¨ s RTqBp 7

where ¨ is the molar volume of the gas and B is
the second virial coefficient, it can be shown that
the change in Ben-Naim standard Gibbs energy
upon transfer of benzene from such gas phase

w xinto its pure liquid phase is given by 17 :

v Ž . Ž .DG sRT ln p ¨ rRT qBp 8eq 1 eq

where ¨ is the molar volume of the liquid and1
p is the equilibrium vapor pressure. Similarly,eq
the change in the standard enthalpy is given by:

v Ž .D H syD HqRT 1ya Tvap 1

Ž . Ž .qp ByB9 ?T 9eq

where D H is the vaporization enthalpy changevap
of the pure liquid, a is its thermal expansion1
coefficient, and B9 denotes the temperature
derivative of B. Thermodynamic properties of
liquid benzene at different temperatures, ob-
tained from data tabulated by Smith and Srivas-

w x vtava 36 , are listed in Table 1. The function D H
for benzene proves to be linearly dependent on
temperature, giving rise to a temperature-inde-
pendent DC v in the range 5]1008C.p

For the transfer into water, gªw process, we
use the values of DC v, D H v, DS v and DGv inp
the range 5]1008C reported by Makhatadze and

w xPrivalov 11 ; these authors, starting from values
of the heat capacity change measured calorimetri-

w x v vcally 39 , and experimental data for D H , DS
and DGv at 258C, calculated the latter functions
at different temperatures.

Table 1
Thermodynamic properties of pure liquid benzene in the temperature range 5]1008C. They are obtained by linear interpolation of

w xthe data compiled in reference 36

y3T p ¨ a ?10 D H Beq 1 1 vap
3 y1 y1 y1 3 y1Ž . Ž . Ž . Ž . Ž . Ž .8C atm cm mol K kJ mol cm mol

5 0.046 87.31 1.18 35.0 y2137
25 0.125 89.40 1.24 33.8 y1673
50 0.355 92.19 1.28 32.4 y1287
75 0.851 95.34 1.37 31.0 y1037

100 1.775 98.65 1.46 29.5 y861
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5. Results and discussion

The experimental values of DC v, D H v, DS v

p
and DGv for the solvation of benzene in pure
liquid phase and in water in the range 5]1008C
are collected in Table 2. For the gª l process it

Ž . vproves that: a the DG values are large and
negative, and slowly decrease, in absolute value,
as a function of temperature, i.e. DGv sy20.0 kJ

y1 y1 Ž .mol at 58C and y16.2 kJ mol at 1008C; b
the D H v and DS v values are always negative
and substantial, showing a temperature depen-

v Ž . vdence similar to that of DG ; and c DC isp
positive and constant, amounting to 49 J
Ky1 moly1; this value is in good agreement with
the heat capacity change associated with benzene

w xvaporization at atmospheric pressure 40 . Under
Ben-Naim standard state conditions, the gª l
process for benzene is spontaneous over the whole
temperature range 5]1008C.

Ž .For the gªw process it proves that: a the
DGv values are negative up to approximately
868C and then become slightly positive, i.e. DGv

sy5.6 kJ moly1 at 58C and 0.5 kJ moly1 at
Ž . v v1008C; b the D H and DS values are large

and negative at 58C, increase strongly with tem-
Ž .perature, but are still negative at 1008C; and c

the DC v values are large and positive at lowp
temperature, decrease on raising temperature, but
are still substantial at 1008C, i.e. DC v s319 Jp
Ky1 moly1 at 58C and 231 J Ky1 moly1 at 1008C.

Under Ben-Naim standard state conditions, the
gªw process for benzene is spontaneous below
868C and non-spontaneous above.

It is worth noting that over the range 5]1008C
the function DGv increases by 3.8 kJ moly1 for
the gª l process and by 6.1 kJ moly1 for the
gªw process: the increments are not greatly
different, even though the temperature depen-
dence of D H v and DS v is very different for the
two processes.

6. Analysis of the Gibbs energy change

The calculated values of DG and E at thec a
different temperatures, for both the processes,
are reported in the second and third columns of
Table 3. At any temperature the estimates of DGc
in water are larger than those in benzene; this is
simply due to the very small size of water

w xmolecules, as stressed by Lee 16]19 , and other
w xauthors 20]22,41,42 . In a solvent constituted by

small molecules the empty space is distributed in
smaller packets than in a solvent of large
molecules, and this renders the work of cavity
creation very large. Therefore, the molecular size
proves to be a characteristic length of the solvent.
On the contrary, the estimates of E in benzenea
are larger, in absolute value, than those in water
at any temperature. Since the estimates of Ea
take into account solely the dispersive solute]

Table 2
Ben-Naim standard thermodynamic quantities for the transfer of benzene from ideal gas phase into pure liquid phase at

Ž . Ž .equilibrium vapor pressure a , and into water at 1 atm b , in the temperature range 5]1008C

v v v vT DC D H DS DGp
y1 y1 y1 y1 y1 y1Ž . Ž . Ž . Ž . Ž .8C J K mol kJ mol J K mol kJ mol

a 5 49 y33.5 y48.3 y20.0
25 49 y32.4 y44.5 y19.1
50 49 y31.0 y40.2 y18.0
75 49 y29.8 y36.7 y17.1

100 49 y28.7 y33.5 y16.2

b 5 319 y35.7 y108.4 y5.6
25 292 y29.6 y87.2 y3.6
50 268 y22.6 y64.6 y1.7
75 248 y16.2 y45.3 y0.4

100 231 y10.2 y28.7 0.5
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Table 3
Gibbs energies of cavity creation, dispersive interaction energies, calculated and experimental solvation Gibbs energies for benzene

Ž . Ž .into pure liquid phase at equilibrium vapor pressure a , and into water at 1 atm b , in the temperature range 5]1008C

vT DG E DG qE DGc a c a
y1 y1 y1 y1Ž . Ž . Ž . Ž . Ž .8C kJ mol kJ mol kJ mol kJ mol

a 5 29.9 y49.5 y19.6 y20.0
25 29.8 y48.3 y18.5 y19.1
50 29.7 y46.9 y17.2 y18.0
75 29.2 y45.3 y16.1 y17.1

100 28.7 y43.8 y15.1 y16.2

b 5 35.6 y42.4 y6.8 y5.6
25 38.0 y42.3 y4.3 y3.6
50 40.5 y42.0 y1.5 y1.7
75 42.3 y41.4 0.9 y0.4

100 43.8 y40.7 3.1 0.5

solvent interaction energy, this finding is simply
related to the larger polarizability of benzene
with respect to water. A comparison between
calculated and experimental values of DGv is
performed in the fourth and fifth columns of
Table 3. The agreement proves to be good over
the whole temperature range 5]1008C for both
the gª l and gªw processes, even though the
discrepancy is larger in the case of water. This
finding is very important because it has to be
considered a demonstration of the validity of Eq.
Ž .5 to quantitatively determine the Gibbs energy
change associated with the solvation process of
benzene. In particular, since the contribution to
the Gibbs energy from the weak polar interac-
tions occurring among benzene molecules in pure
liquid phase, and among benzene and water
molecules in aqueous phase is neglected in the
calculations, we conclude that an enthalpy]ent-
ropy compensation phenomenon is operative for

Ž .such interactions, as required by Eq. 4 .
The ability of SPT to treat liquid benzene was

w xnoticed a long time ago: Wilhelm and Battino 43
found that SPT predicts, with good accuracy, the
vaporization enthalpy of liquid benzene. Such
success of SPT can be explained. By combining
neutron diffraction experiments and molecular

w xdynamics simulations, Cabaco and colleagues 34
have shown that the local orientational order in
liquid benzene is almost isotropic, and only slightly
affected in the temperature range between the

melting point and the boiling point of benzene.
Therefore, since no specific orientation of the
molecules is privileged in liquid benzene, the

Žapplication of SPT assuming that benzene
molecules are spherical with a hard-sphere di-
ameter close to the location of the first peak in
the ring center-ring center radial distribution

.function should lead to reliable results.
The fact that the temperature dependence of

DGv is reproduced quite well by our simple calcu-
lations allows us to clarify its physical origin. For
the gª l process, the values of DG are large andc
positive and decrease slightly with temperature;
the values of E are large and negative anda
decrease, in absolute value, with temperature. At
any temperature NE N)DG , and so the valuesa c
of DGv are large and negative; the decrease, in
absolute value, of DGv on raising temperature
parallels that of NE N . For the gªw process, thea
values of DG are large and positive and increasec
with temperature, whereas E is large and nega-a
tive and decreases, in absolute value, very slightly
with temperature. The two quantities are not
greatly different and therefore, for temperatures
below 868C, NE N)DG , whereas above 868Ca c
DG )NE N ; the temperature dependence of DGv

c a
parallels that of DG . The different behavior ofc
DG and E in benzene and water as a functionc a
of temperature is simply related to the tempera-
ture dependence of the density for the two liq-
uids.
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In general, on raising temperature, the liquid
density decreases and this lowers the Gibbs en-
ergy cost to create a cavity since there is more
empty space; on the other hand, a temperature
increase raises the mean kinetic energy of solvent
molecules bombarding the cavity surface, and thus

w xthe value of DG 28 . Moreover, a density de-c
crease reduces the strength of the dispersive so-
lute]solvent interactions, because they are
strongly dependent on the relative distance among
interacting particles. For liquid benzene the den-
sity decrease is substantial, amounting to 11.5%

w xover the range 5]1008C 36 , determining a lower-
ing of both DG and NE N ; for water, instead, thec a
density decrease is small, amounting to 4.2% over

w xthe range 5]1008C 37 , so that E is very littlea
dependent on temperature and DG increasesc
with temperature due to the contribution of the
mean kinetic energy of water molecules bombard-
ing the cavity surface. Therefore, the temperature
dependence of DGv for the solvation of benzene
in pure liquid phase and in water is simply related
to that of the density for the two liquids. This
conclusion has a general validity for the solvation
of non-polar compounds, as recently confirmed by

w xPratt and colleagues 44 .
The gª l process is always spontaneous be-

cause the dispersive interactions between ben-
zene molecules overwhelm the excluded volume
effect due to cavity creation; the gªw process is
spontaneous up to 868C because the dispersive

interactions between benzene and water
molecules more than counterbalance the work of
cavity creation, but the situation is reversed at
higher temperatures.

7. Analysis of enthalpy and entropy changes

At any temperature the estimates of E fora
both the gª l and gªw processes prove to be
larger, in absolute sense, than the values of D H v

Ž y1i.e. E sy48.3 kJ mol in benzene at 258C,a
while D H v sy32.4 kJ moly1; E sy42.3 kJa
moly1 in water at 258C, while D H v sy29.6 kJ

y1 .mol . This means that the purely dispersive
interactions of benzene in pure liquid phase and
in water are more than enough to explain the
large and negative values of D H v; therefore, the
purely structural solvent reorganization proves to
be an endothermic process both in benzene and
in water. Such feature of the solvent reorganiza-
tion contrasts with the traditional expectation
originated from the famous work of Frank and

w xEvans 45 , but is in perfect agreement with what
has been determined for aliphatic hydrocarbons

w xand noble gases 17,21,22 .
We have determined D H for both ther

Ž .processes by means of Eq. 2 , using the experi-
mental values of D H v and those calculated for
E ; such estimates are reported in the thirda
column of Table 4. It is evident that the enthalpy

Table 4
Ž .Contribution of solvent reorganization to the solvation of benzene into pure liquid phase at equilibrium vapor pressure a , and into

Ž .water at 1 atm b , in the temperature range 5]1008C

v vT D H D H DS DS DSr x nx
y1 y1 y1 y1 y1 y1 y1 y1Ž . Ž . Ž . Ž . Ž . Ž .8C kJ mol kJ mol J K mol J K mol J K mol

a 5 y33.5 16.0 y48.3 y107.5 59.2
25 y32.4 15.9 y44.5 y100.0 55.5
50 y31.0 15.9 y40.2 y91.9 51.7
75 y29.8 15.5 y36.7 y83.9 47.2

100 y28.7 15.1 y33.5 y76.9 43.4

b 5 y35.7 6.7 y108.4 y128.0 19.6
25 y29.6 12.7 y87.2 y127.5 40.3
50 y22.6 19.4 y64.6 y125.3 60.7
75 y16.2 25.2 y45.3 y121.5 76.2

100 y10.2 30.5 y28.7 y117.4 88.7
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of solvent reorganization for the gª l process
shows a qualitatively different temperature de-
pendence with respect to the corresponding quan-
tity for the gªw process. In fact, the values of
D H for the gª l process slightly decrease,r
whereas those for the gªw process strongly in-

Žcrease over the temperature range 5]1008C i.e.
D H passes from 16.0 to 15.1 kJ moly1 for ther
gª l process, whereas it passes from 6.7 to 30.5

y1 .kJ mol for the gªw process . This finding
agrees with the results of the analysis performed

w xby Lee on aliphatic hydrocarbons 17 .
The solvent reorganization contribution to the

solvation entropy change has been broken into its
two components, DS and DS , respectively, ac-x nx

Ž .cording to Eq. 3 , using the experimental values
of DS v and the estimates of DS obtained byx
means of DS syDG rT. The correspondingx c
values are reported in the fifth and sixth columns
of Table 4. The DS term is large and negativex
for both the gª l and gªw processes; however,
on raising temperature, it decreases, in absolute
value, faster in benzene than in water, reflecting
the different temperature dependence of the work
of cavity creation in the two solvents, which, in
turn, reflects the behavior of the density of the
two liquids. The DS term is positive for both thenx
gª l and gªw processes: the purely structural
reorganization of solvent causes an increase of
entropy. This positive contribution decreases with
temperature in benzene, whereas it significantly
increases in water; the different temperature de-

Ž .pendence parallels that of D H because Eq. 4r
holds. Actually, the values of DS in Table 4,nx
when multiplied by T , do not perfectly compen-
sate the values of D H , due to the procedurer
adopted to estimate them.

It is possible to give a microscopic interpreta-
tion to these results. The creation into pure liquid
phase of a cavity to be occupied by a benzene
molecule causes the breakage of many interac-
tions among the surrounding benzene molecules,
owing to their weakness in comparison with the
random thermal energy. This reorganization pro-
vides a positive contribution to both the enthalpy
and entropy. Introducing the benzene molecule
and turning on the attractive potential causes a
further reorganization of surrounding benzene

molecules which affords a negative contribution
to both the enthalpy and entropy, since several
interactions are reconstituted. The analysis shows
that the total reorganization process of benzene
molecules has associated positive enthalpy and
entropy changes, that compensate each other at
any temperature, since direct application of Eq.
Ž .5 is able to satisfactorily reproduce the experi-
mental DGv values.

On the other hand, the creation in water of a
cavity with the geometric features required to
host a benzene molecule strongly perturbs the
three-dimensional H-bonded network of liquid
water, causing either the loss of a few H-bonds or
the local weakening of the network itself. The
situation should resemble that in the first water
layer outside a planar and smooth hydrophobic

w xsurface 46 : water molecules point in toward the
surface one OH-bond vector, sacrificing one pos-
sibility of H-bonding. However, in the case of
benzene, the very large and positive enthalpy
change for cavity creation is partially counter-
balanced by the negative enthalpy contribution
arising from the solvent reorganization upon turn-
ing on the attractive benzene]water potential. In
fact, two water molecules located close to the C6
axis of benzene, each on a face of the aromatic
ring, form weak H-bonds by pointing their hydro-

w xgen atoms toward the p-cloud 47 . The forma-
tion of these weak H-bonds, by rendering more
rigid the hydration shell, gives a negative con-
tribution also to the entropy. Therefore, the total
reorganization process is moderately endothermic
around room temperature, suggesting that water
molecules in the hydration shell do not really lose
H-bonds.

8. Analysis of the lªw process

The changes in the standard thermodynamic
functions for the transfer of benzene from pure
liquid phase at equilibrium vapor pressure into
water at 1 atm, in the temperature range 5]1008C,

Ž .calculated by means of Eq. 1 , are collected in
Table 5. The process is endothermic at room
temperature and above; furthermore, it is non-
spontaneous, in the whole temperature range
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Table 5
Transfer thermodynamics of benzene from pure liquid phase at equilibrium vapor pressure into water at 1 atm, in the temperature
range 5]1008C

v v v vT DC D H DS DGp
y1 y1 y1 y1 y1 y1Ž . Ž . Ž . Ž . Ž .8C J K mol kJ mol J K mol kJ mol

5 270 y2.2 y60.1 14.4
25 243 2.8 y42.7 15.5
50 219 8.4 y24.4 16.3
75 199 13.6 y8.6 16.7

100 182 18.5 4.8 16.7

5]1008C, because DGv is positive and slightly
increasing with temperature.

Ž .The values of DDG s DG water y DG -c c c
Ž . Ž . Ž .benzene and D E sE water yE benzene area a a
reported in the second and third columns of
Table 6, respectively. It proves that both the
quantities are positive in the temperature range

Ž .5]1008C, because: a the Gibbs energy cost of
cavity creation is larger in water than in benzene;

Ž .and b the purely dispersive energetic interac-
tions are stronger in benzene than in water. In
other words, both the excluded volume effect and
the dispersive interactions operate in the same
direction, contrasting the transfer of benzene from
pure liquid phase to water. The calculated DGv

values are reported in the fourth column of Table
6: they are in satisfactory agreement with the
experimental ones.

It is important to note that, at room tempera-
ture, the excluded volume effect and the disper-
sive interactions contribute to the same extent in
determining the positive value of DGv, whereas,
above 508C, the excluded volume effect plays the
dominant role. To gain further insight it is useful
to make a comparison with aliphatic hydrocar-

bons. We consider two hydrocarbons similar in
˚Ž . Ž .size to benzene: a for neopentane ss5.80 A ,

at 258C, the transfer from pure liquid phase into
water is characterized by DGv s22.5 kJ moly1,
with DDG s46.5y27.6s18.9 kJ moly1 andc

y1 w x Ž .D E sy36.0q39.6s3.6 kJ mol 17 ; and ba
˚Ž .for c-hexane ss5.63 A , at 258C, the transfer

from pure liquid phase into water is characterized
by DGv s23.7 kJ moly1, with DDG s42.7y30.5c
s12.2 kJ moly1 and D E sy38.1q49.5s11.4a

y1 Ž .kJ mol unpublished results . These numbers
clearly indicate that the physical mechanism de-
termining the hydrophobicity of benzene is identi-
cal to that operative for aliphatic hydrocarbons.
In fact, the excluded volume effect due to cavity
creation is the fundamental determinant, even
though also dispersive interactions play an active
role. However, it is a general result for large
hydrocarbons that dispersive interactions are
stronger in their pure liquid phase than in water,
regardless of their nature, aliphatic or aromatic
Žthis is a very important topic to be properly

.addressed in a separate work . Therefore, the
analyses performed by Makhatadze and Privalov
w x11 on one hand, and by Costas and Kronberg

Table 6
Calculated transfer thermodynamics of benzene from pure liquid phase at equilibrium vapor pressure into water at 1 atm, in the
temperature range 5]1008C

vT DDG D E DDG qD E DGc a c a
y1 y1 y1 y1Ž . Ž . Ž . Ž . Ž .8C kJ mol kJ mol kJ mol kJ mol

5 5.7 7.1 12.8 14.4
25 8.2 6.0 14.2 15.5
50 10.8 4.9 15.7 16.3
75 13.1 3.9 17.0 16.7

100 15.1 3.1 18.2 16.7
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w x48 on the other, do not approach the question
on the right track and lead to incorrect physical
interpretations. On the contrary, the present study
confirms the general validity of Lee’s Theory to
interpret and explain, in physically reliable terms,
hydrophobicity.
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