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C O N S P E C T U S

Most chemical processes on earth are intimately linked
to the unique properties of water, relying on the

versatility with which water interacts with molecules of
varying sizes and polarities. These interactions determine
everything from the structure and activity of proteins and
living cells to the geological partitioning of water, oil, and
minerals in the Earth’s crust. The role of hydrophobic
hydration in the formation of biological membranes and
in protein folding, as well as the importance of electro-
static interactions in the hydration of polar and ionic spe-
cies, are all well known. However, the underlying
molecular mechanisms of hydration are often not as well
understood. This Account summarizes and extends emerg-
ing understandings of these mechanisms to reveal a newly
unified view of hydration and explain previously mystify-
ing observations. For example, rare gas atoms (e.g., Ar)
and alkali-halide ions (e.g., K+ and Cl–) have nearly iden-
tical experimental hydration entropies, despite the signif-
icant charge-induced reorganization of water molecules.
Here, we explain how such previously mysterious observations may be understood as arising from Gibbs inequali-
ties, which impose rigorous energetic upper and lower bounds on both hydration free energies and entropies. These
fundamental Gibbs bounds depend only on the average interaction energy of a solute with water, thus providing a
deep link between solute-water interaction energies and entropies. One of the surprising consequences of the emerg-
ing picture is the understanding that the hydration of an ion produces two large but nearly perfectly canceling, entropic
contributions: a negative ion–water interaction entropy and a positive water reorganization entropy.

Recent work has also clarified the relationship between the strong cohesive energy of water and the free energy
required to form an empty hole (cavity) in water. Here, we explain how linear response theory (whose roots may also
be traced to Gibbs inequalities) can provide remarkably accurate descriptions of the process of filling aqueous cavi-
ties with nonpolar, polar, or charged molecules. The hydration of nonpolar molecules is well– described by first-
order perturbation theory, which implies that turning on solute–water van der Waals interactions does not induce a
significant change in water structure. The larger changes in water structure that are induced by polar and ionic sol-
utes are well– described by second-order perturbation theory, which is equivalent to linear response theory. Compar-
isons of the free energies of nonpolar and polar or ionic solutes may be used to experimentally determine electrostatic
contributions to water reorganization energies and entropies. The success of this approach implies that water’s abil-
ity to respond to solutes of various polarities is far from saturated, as illustrated by simulations of acetonitrile (CH3CN)
in water, which reveal that even such a strongly dipolar solute only produces subtle changes in the structure of water.
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1. Introduction

Most chemical processes on earth are intimately linked to the

unique properties of water and particularly the versatility with

which water interacts with a wide variety of molecules. These

interactions determine everything from the structure and activ-

ity of proteins and living cells to the geological partitioning of

water, oil, and minerals in the earth’s crust. Here we show how

key features of such complex hydration processes can be

understood as natural consequences of water’s versatility in

responding to molecules of various sizes and polarities. What

emerges is a surprisingly simple and unified view of hydra-

tion, which builds on fundamental theoretical identities and

inequalities, combined with experimental and simulation

results.1–8

Unique features of hydration (as opposed to nonaqueous

solvation) give rise to the remarkably varied entropic and

energetic responses of water to nonpolar, polar, and charged

solute molecules. These include well-known phenomena such

as the marked enthalpy-entropy compensation behavior

often associated with aqueous chemical equilibria1,9–14 and

the characteristically large positive partial molar heat capaci-

ties associated with hydrophobic hydration and protein

denaturation,15–18 as well as the recently highlighted dewet-

ting (drying) of water, which occurs around idealized hydro-

phobic (hard-sphere) solutes larger than about 1 nm.4,19,20 An

emerging view of hydration suggests that both dispersive (van

der Waals) and electrostatic (Coulombic) solute-water inter-

actions can be well described by linear response

theory,1,2,17,21–30 which implies that water’s ability to respond

to solutes of widely varying polarities is far from saturated.

Here we summarize and extend these ideas, with particu-

lar emphasis on explaining the previously mystifying insensi-

tivity of hydration entropies to solute polarity and charge.31–33

For example, the hydration entropies of K+ and Cl- are virtu-

ally identical to those of Ar atoms.31 A remarkably simple res-

olution of this and other related entropic mysteries emerges

by recognizing an underlying anticorrelation of solute-water

and water-reorganization entropies. The physical basis

for this anticorrelation emerges from linear response

theory,2,22–25,27,28 whose predictions are in turn anticipated by

fundamental Gibbs inequalities.34 A broad range of experi-

mental, simulation, and theoretical results pertaining to the

hydration of nonpolar, polar, and ionic solutes are used

to support and illustrate this unified view of hydra-

tion.2,21,22,25,35–37

2. Hydration Fundamentals

The chemical potential provides the driving force for all chem-

ical transformations. Thus, a solute’s excess chemical poten-

tial, µx ) µliq - µvap dictates the influence of solvation on

chemical processes, where µliq and µvap are the chemical

potentials of the solute in the liquid and ideal vapor phase (at

the same solute concentration). When a solute is dissolved at

constant temperature and pressure, the excess chemical

potential becomes equivalent to the experimental solvation

Gibbs free energy µx ) ∆G,38 which in turn dictates the equi-

librium solute concentration ratio in the liquid and vapor

phase, ∆G ) -RT ln(cliq/cvap). More generally, the difference

between the solvation free energies of product and reactant

molecules determines the effects of solvation on chemical

equilibria and provides a fundamental link between chemi-

cal affinities and reaction rates.39

The above solvation free energy is equivalent to that of an

idealized solvation process described by Ben-Naim, in which

an isolated stationary solute is immersed in a solvent.38 This

free energy also corresponds to the reversible work associ-

ated with slowly turning on solute-solvent interactions.

Although such reversible solute coupling processes are only

realizable in computer simulations, they can be useful in

obtaining a clearer molecular mechanistic understanding of

various contributions to hydration free energies, enthalpies,

and entropies.

One may envision further subdividing a hydration process

into a series of reversible coupling steps in which repulsive-

core (cavity), van der Waals (dispersion), and electrostatic (mul-

tipolar/ionic) interactions are sequentially introduced. At each

step, the structure of water is converted from a state that we

shall refer to as “unpolarized” to one that is “polarized” by the

corresponding solute-water interaction, as illustrated in Fig-

ure 1. In other words, a polarized state is one whose struc-

ture has fully equilibrated in response to a given solute

interaction, while an unpolarized state is one whose struc-

ture was equilibrated in the absence of the solute interaction

of interest.

Solvation thermodynamic functions may contain both

solute-solvent (uv) and solvent-solvent (vv) contributions.

Thus, Euv and Evv represent the solute-solvent and

solvent-solvent interaction energies, respectively, averaged

over all equilibrium configurations of the fully polarized solu-

tion, while Euv
0 and Evv

0 are the corresponding energies aver-

aged over all equilibrium configurations of the unpolarized

solution. As we shall see, ∆G is invariably bounded above by

Euv
0 and below by Euv.
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The solvent reorganization energy is here defined as the

change in the solvent-solvent interaction energy induced by

polarizing the solvent (at constant pressure), ∆Evv ) Evv - Evv
0 .

This reorganization energy is necessarily equivalent to the cor-

responding solvent reorganization entropy, T∆Svv ) T(Svv -

Svv
0 ), as we shall see. An additional entropic contribution, Suv,

arises from solute-solvent energy fluctuations, as may readily

be demonstrated using the Widom potential distribution

theorem.1,17 Suv is necessarily negative and is proportional to

the mean square deviation (fluctuation) of the solute-solvent

interaction energy. In other words, a small fluctuation

implies that the solute-solvent interaction energy is rela-

tively insensitive to solvent structure, so Suv ≈ 0, while a

large fluctuation implies that the solute-solvent interac-

tion energy depends markedly on solvent structure, in

which case Suv < 0 because the associated interactions tend

to decrease the range of thermally accessible solute-

solvent configurations. These and other fundamental hydra-

tion thermodynamics results are summarized and further

explained below, with additional details provided in the

Appendix (and in recent papers).1,2,17,18

Experimental solvation thermodynamic functions may be

expressed exactly in terms of the above intermolecular

contributions.1,2,17,18

∆G ) µx ) Euv - TSuv (1)

T∆S ) TSuv + T∆Svv (2)

∆H ) Euv + ∆Evv + Pv̄ (3)

At ambient pressure, Pv̄ is negligibly small (where v̄ is the

solute partial molar volume), so ∆H ≈ ∆U ) Euv+∆Evv. More

importantly, note that ∆G is expressed entirely in terms of

the solute-solvent interaction energy, Euv, and entropy, TSuv.

The experimental hydration enthalpy, ∆H, and entropy, ∆S,

on the other hand, contain additional solvent reorganization

contributions, ∆Evv and T∆Svv. This clearly implies that the sol-

vent reorganization enthalpy and entropy must exactly can-

cel (compensate) when equating ∆G ) ∆H - T∆S. In other

words, the solvent reorganization entropy and enthalpy are nec-

essarily equivalent, T∆Svv ) ∆Evv + Pv̄ ≈ ∆Evv.
1,10–13 This

compensation applies to any solvation process but is particu-

larly pertinent to hydration, which is often associated with an

anomalously large reorganization energy.

Further insight into the physical significance of Euv, ∆Evv,

TSuv, and T∆Svv may be obtained by considering the first and

second laws of thermodynamics, which imply that ∆U ) δw

+ δq, where δw and δq ) T∆S are the work and heat

exchanges (between the solution and its surroundings)

induced by a reversible solute coupling process (at constant T

and P). Equation 2 further implies that if δq/T is small com-

pared to ∆Svv (as we shall see is indeed often the case) then

TSuv ≈ -T∆Svv. The fundamental basis for this approximate

entropic compensation will become clearer when viewed from

the perspective of Gibbs inequalities (section 3) and linear

response theory (section 4).

A self-solvation process, such as the hydration of a water

molecule, is an important special case to which additional

exact relations apply.17,40 More specifically, for any self-sol-

vation process

∆U )
Euv

2
)-∆Evv (4)

so the interaction energy between a given water molecule and

the surrounding water molecules, Euv, is necessarily twice the

experimental (constant pressure) hydration energy of water,

∆U ≈ -41 kJ/mol (at 298 K and 0.1 MPa).41 This identity pro-

vides a powerful test of computer simulation predictions, yet

few previous studies have utilized this fundamental self-con-

sistency constraint (as further discussed in section 6).42

FIGURE 1. Schematic illustration of the changes in water structure
and solute-water interaction energy associated with cavity
formation (hard-sphere), dispersion (van der Waals), and
electrostatic (Coulombic) interactions. The dipolar spheres in this
picture are merely illustrative, as all of the results described in this
Account pertain to actual water and solute molecules or simulations
performed using realistic interaction potentials, as illustrated by the
computer simulation snapshot of acetonitrile (CH3CN) in water on
the first page.
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3. Gibbs Bounds on Hydration Free
Energies and Entropies
Gibbs inequalities (also known as Bogoliubov and/or Feyn-

man inequalities) are deeply rooted in the mathematics asso-

ciated with statistically averaging exponential functions and

lead to important classical and quantum mechanical varia-

tional approximation strategies.1,3,34,43 When applied to a sol-

vation process, these inequalities imply the following rigorous

energetic bounds on solvation free energies.2,3,43

Euve ∆Ge Euv
0 (5)

Notice that this relation, combined with eq 1, further implies

that 0 e -TSuv e Euv
0 - Euv and thus,

Euv - Euv
0

T
e Suve 0 (6)

So, the solute-solvent interaction entropy, Suv, is invariably
negative and has a rigorous lower bound.

Equation 6 implies that solute-solvent coupling necessar-

ily produces a decrease in entropy and a release of heat, TSuv

< 0, out into the solvent degrees of freedom. Absorption of

some or all of this heat typically leads to an increase in the
entropy of the surrounding solvent ∆Svv ) ∆Evv/T. As a result,

the net entropy change (and heat exchange) associated with

a hydration process, ∆S ) Suv + ∆Svv ) δq/T, is often signif-

icantly smaller in magnitude than either Suv or ∆Svv, so ∆Svv

≈ -Suv.

The process of forming an empty spherical cavity in water

is equivalent to that of inserting a hard sphere into water.

Since a hard-sphere potential is, by definition, equal to zero

when there is no overlap with any water molecules and infin-

ity otherwise, it is necessarily the case that Euv|c ) 0 and Euv
0 |c

) ∞, as illustrated schematically at the top of Figure 1. In this

case, the Gibbs inequality, eq 5, is not particularly restrictive,

although it does require that cavity formation free energies be

invariably positive, 0 e ∆G|c e ∞.

The process of turning on dispersive (van der Waals) inter-

actions falls into an entirely different regime of the Gibbs ine-

qualities. Note that van der Waals interactions are expected to

be largely insensitive to the orientations of water molecules,

as illustrated schematically in the middle of Figure 1. So, in

this case eqs 5 and 6 are extremely restrictive, because they

imply that Euv|d ≈ ∆G|d ≈ Euv
0 |d and Suv|d ≈ 0. Thus, disper-

sion interactions are only expected to contribute energetically,

rather than entropically, to the solvation free energies of non-

polar molecules such as rare gases and alkanes.

Electrostatic interactions, on the other hand, are quite sen-

sitive to the orientations of water molecules, as illustrated at

the bottom of Figure 1. Before water has been polarized by

solute electrostatic charges, one expects solute-water elec-

trostatic interactions to be very small, Euv
0 |e ≈ 0 (due to the

cancellation of positive and negative contributions from water

molecules of different orientations), while after the solvent has

been polarized, the interaction energy is expected to be neg-

ative, Euv|e < 0 (since electrostatic interactions reorient water

molecules to configurations of lower solute-solvent interac-

tion energy).22 Thus, in this case, eq 5 implies that Euv|e e

∆G|e e 0, while eq 6 requires that Euv|e/T e Suv|e e 0.

Notice that eq 5 also suggests that ∆G ≈ (Euv + Euv
0 )/2 may

be a reasonable approximation, particularly when Euv and Euv
0

do not differ greatly. This mean energy approximation also

emerges from linear response theory, as further described in

section 4. In other words, linear response theory may be

viewed as arising from Gibbs inequalities, when ∆G is

assumed to lie exactly halfway between the upper and lower

bounds in eq 5.

There is also a close connection between the above mean

energy approximation and thermodynamic perturbation the-

ory. More specifically, the mean energy (linear response)

approximation is equivalent to second-order perturbation the-

ory, which in turn implies that solute-solvent energy fluctu-

ations have an approximately Gaussian distribution.2,22 The

small energy fluctuations associated with dispersive interac-

tions imply that such interactions are well described by first-

order perturbation theory,1,21 while the larger (but still nearly

Gaussian) fluctuations associated with electrostatic interac-

tions are well described by second-order perturbation theo-

ry.22

4. Linear Response Theory

The exact results in eqs 2–4 relate experimental solvation

thermodynamic functions to underlying intermolecular con-

tributions, Euv, TSuv,and T∆Svv ≈ ∆Evv. However, these rela-

tions alone are not sufficient to allow each of the latter

quantities to be experimentally evaluated (except in the spe-

cial case of a self-solvation process, using eq 4). Doing so

requires introducing some additional information, such as that

provided by linear response theory.

A linear response solvation process is one in which a con-

stant susceptibility (slope) relates the average solute-solvent

interaction energy to the associated intermolecular coupling

strength.2 In other words, linear response theory requires that

the energies Euv
0 and Euv are linked by a linear function of the
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coupling parameter that turns on the corresponding

solute-solvent interactions. When combined with the well-

known Kirkwood (reversible work) integral expression for µx,1

the latter linearity implies that ∆G is the arithmetic mean of

Euv
0 and Euv (see Appendix for further details).2 This linear

response result, combined with eqs 1–3, immediately yields

the following three remarkable identities.2

∆G )
Euv + Euv

0

2
(7)

TSuv )
Euv - Euv

0

2
(8)

T∆Svv )-TSuv + δq (9)

Equation 7, combined with the standard thermodynamic rela-

tion, ∆S ) -(∂∆G/∂T)P, further implies that the hydration-in-

duced heat exchange is δq ) T∆S ) -T/2[(∂Euv
0 /∂T)P + (∂Euv/

∂T)P]. Thus, the observed approximate cancellation of the

solute-solvent and solvent-solvent entropies, T∆Svv ≈ -TSuv,

implies that the magnitude of δq (and the associated temper-

ature derivatives) is relatively small, as further discussed in

sections 5 and 6.

The above expressions may be applied independently to

dispersive and electrostatic coupling processes (while cavity

formation may be described by the aqueous cavity equation

of state,18 as further described in section 5). For dispersive

interactions, we expect that Euv|d ≈ Euv
0 |d, while for electro-

static interactions we expect that Euv|e , Euv
0 |e ≈ 0. Thus, we

may express solvation free energies and the associated reor-

ganization energies using the following approximate identi-

ties.

∆G ≈ ∆G|c + Euv|d +
Euv|e
2

(10)

T∆Svv|d ≈ TSuv|d ≈ 0 (11)

T∆Svv|e ≈ -TSuv|e ≈
-Euv|e

2
(12)

5. Hydration of Ionic, Polar, and Nonpolar
Solutes
The most dramatic and clear confirmation of linear response

predictions comes from ionic hydration experiments and sim-

ulations. Note that eq 12, combined with eq 3, suggests that

electrostatic interactions are not expected to significantly con-

tribute to experimental hydration entropies since ∆S|e ≈ Suv|e
+ ∆Svv|e ≈ 0. This expectation is confirmed by experimental

results such as those shown in the upper three panels of Fig-

ure 2,38 which compare the solvation thermodynamics of

alkali-halide ions (green points) and the corresponding iso-

electronic rare gas atoms (black points). These results clearly

reveal the enormous electrostatic contributions to ∆G and ∆H
and the strikingly small difference between the experimental

hydration entropies, T∆S, of ions and rare gas atoms. Also,

notice that eqs 10 and 12 suggest that the large electrostatic

contribution to ∆G is approximately equivalent in magnitude

to the canceling electrostatic entropy contributions, ∆G|e ≈
TSuv|e ≈ -T∆Svv|e. So, although the measured hydration entro-
pies of ions provide no indication of the magnitudes of the huge
canceling electrostatic solute-solvent and solvent reorganiza-
tion entropies, the measured free energies directly reveal just
how large these are.

More specifically, the intermolecular interaction energy and

entropy contributions shown in the three lower panels in Fig-

ure 2 were extracted from the above experimental results

using eqs 1–3 combined with ∆G|e ≈ Euv/2 (eq 10), whose

approximate validity is confirmed by simulations of the hydra-

tion of a wide variety ions.22,25,29,36,37,44 Similar, although less

dramatic, confirmation of electrostatic linear response predic-

tions also comes from the hydration of neutral polar mole-

cules, to which we will return shortly, after first discussing the

thermodynamics of cavity formation and nonpolar hydration

processes.

The formation of a cavity in water is equivalent to the

hydration of an idealized hard-sphere solute. Accurate expres-

FIGURE 2. Comparison of the hydration thermodynamic functions
of ions and rare gases. The green points represent results for the
hydration of isolated alkali halide ions (NaF, KCl, RbBr, and CsI),38

and the black points are the corresponding results for a pair of rare
gas atoms (2Ne, 2Ar, 2Kr, and 2Xe)38 with the same total number
of electrons, plotted as a function of the van der Waals volumes of
the rare gas atoms.
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sions for the corresponding cavity formation thermodynamic

functions, ∆G|c, ∆H|c, ∆S|c etc., may be obtained using the

recently developed aqueous cavity equation of state (C-EOS).18

The curves in Figure 3 are C-EOS predictions, which are clearly

in excellent agreement with recent computer simulation

results (points).45,46 Note that the strong hydrogen bonding of

water leads to cavity formation thermodynamic functions that

depend on cavity size in ways that differ significantly from

simpler (nonpolar) fluids, as well as traditional scaled particle

theory and information theory treatments of aqueous cavity

formation,47,48 particularly for large cavities. However, C-EOS

predictions for cavities of molecular and macromolecular size

are in quite good agreement with results obtained using a

recent generalization of scaled particle theory.45

Experimental, simulation, and linear response predic-

tions for the hydration of a series of linear, branched, and

cyclic alkanes (at 298 K) are plotted in Figure 4 as a func-

tion of the solute van der Waals volume, VvdW.49–52 The

left-hand panel shows experimental (black points) and sim-

ulated (orange points) alkane hydration thermodynamic

results. The right-hand panel shows Euv values obtained

from simulations,51,52 along with T∆Svv and TSuv (red

points) obtained by combining simulated Euv values with

experimental ∆G and ∆S values, using eqs 1 and 2. The

dashed curve is a linear fit to the Euv simulation results,

which represent the average dispersive (Lennard-Jones)

solute-solvent interaction energy. The solid curves show

linear response (first-order perturbation theory) predictions

obtained by combining the latter Euv|d linear correlation

FIGURE 3. Cavity formation thermodynamics functions obtained
from the C-EOS (curves) are compared with computer simulation
results in SPC/E water (points).45,46 Notice that ∆U ) ∆Evv ) ∆H -
Pv̄ ≈ ∆H. Only the square points were used in parametrizing the
C-EOS, so the excellent agreement between curves and the larger
cavity volume simulation results (diamond points) confirm the
global accuracy of the C-EOS.

FIGURE 4. Hydration thermodynamic functions of linear (CH4 to
n-C6H14), branched (isobutane, isopentane, and neopentane), and
cyclic (cyclopentane and cyclohexane) alkanes are plotted as a
function of solute van der Waals volume. The black points
represent experimental measurements,50 the orange points are
simulation results,51,52 and the red points are obtained by
combining experimental and simulation measurements. The curves
represent linear response (first-order perturbation theory)
predictions obtained by combining the C-EOS with simulated
solute-water interactions energies (the dashed line in the right-
hand panel).18

FIGURE 5. Hydration thermodynamic functions of nonpolar (black
points and curves) and polar (colored points) solutes. The upper
panels contain experimental results,50 and the lower panels contain
simulated Euv

29 and hybrid experiment/simulation T∆Svv and -TSuv

values, with the exception of water, for which all the results are
obtained experimentally (using eq 4). Agreement with linear
response predictions is evidenced by the similarity of the nonpolar
and polar hydration entropies, as well as by the similar magnitudes
of the differences between the polar and nonpolar values of T∆Svv

and -TSuv, both of which differ by about a factor of 2 from the
corresponding differences in Euv. All of these features are consistent
with linear response predictions (eqs 7–12).
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with the C-EOS (as further described in the Appendix).17 The
good global agreement between the predicted curves and the
experimental and simulation results for ∆G, ∆H, ∆S, TSuv,

and ∆Evv represents a critical test and confirmation of linear
response predictions. The relatively small remaining devia-

tions are well within the combined uncertainties of the

experiments, simulations, and cavity size estimates. So,

although such deviations may reflect limitations of linear

response predictions, these are apparently no larger than a

few kilojoules per mole (approximately (RT).

Experimental and simulation results for the hydration of

various neutral polar solutes (colored points) and nonpo-

lar solutes (black points and solid curves) are compared in

Figure 5. The three upper panels show experimental hydra-

tion thermodynamic functions, while the lower three pan-

els show simulated Euv values for each solute,29 along with

TSuv and T∆Svv values again obtained by combining exper-

imental partial molar quantities with the simulated Euv using

eqs 1 and 2. The water self-solvation data points are excep-

tional, because in this case Euv, TSuv, and ∆Evv may all be

determined directly from the experimental vaporization

energy41 (using eqs 1–4). The most striking feature of the

experimental results is the significant difference between

∆G and ∆H values of alkanes and polar solutes, while the

corresponding T∆S values are all quite similar. This gen-

eral behavior is reminiscent of the more dramatic results

shown in Figure 2. Again, the similarity of the alkane and

polar hydration entropies is consistent with linear response

predictions, which imply that T∆Svv|e ≈ -TSuv|e, and so

T∆S|e ≈ TSuv|e + T∆Svv|e ≈ 0. Moreover, the differences

between the alkane and polar hydration free energies are

again found to be approximately equal to Euv|e/2. In other

words, the difference between the colored (polar) and non-

polar (black) ∆G and ∆H results are clearly about a factor

of 2 smaller than the corresponding differences between

the polar and nonpolar Euv curves.

The dashed curves in the lower three panels of Figure 5

represent the alkane hydration predictions shifted so as to go

through the point representing the smallest polar molecule in

each series. Thus, the good agreement between the points

and dashed curves suggests that the effect of adding an addi-

tional methylene (CH2) group to a hydrocarbon chain is

approximately the same for both polar and nonpolar solutes,

while the polarity of the headgroup produces a constant off-

set to the corresponding free energies and entropies. In other

words, the polar head and nonpolar tail groups contribute

approximately independently (additively) to hydration ther-

modynamics functions.

6. Conclusions and Discussion

A remarkably simple and unified view of nonpolar, polar,

and ionic hydration emerges from a fundamental theoret-

ical analysis of simulation and experimental results. This

hinges on the recognition that both dispersive (van der

Waals) and electrostatic (Coulombic) solute-water interac-

tions are well described by linear response theory, as antic-

ipated by fundamental Gibbs inequalities. This linear

response behavior leads to remarkable thermodynamic

relations, some of which have not previously been recog-

nized. A particularly striking example is the nearly perfect

cancellation of solute-water and water-reorganization con-

tributions to experimental hydration entropies. More specif-

ically, while solute-water energy fluctuations invariably

produce a decrease in entropy, the resulting release of heat

to the surrounding water molecules leads to an entropy

increase of nearly equal and opposite magnitude. It is this

entropy cancellation that is apparently responsible for the

near equivalence of the experimental hydration entropies

of ionic, polar, and nonpolar solutes. Moreover, the mag-

nitude of the canceling entropies, which can be enormous,

may be obtained simply by comparing the experimental

hydration free energies of polar (or ionic) and nonpolar sol-

utes of comparable size. The equal magnitudes of the two

entropies also imply that the temperature derivatives of the

corresponding solute-water interaction energies are small,

as further discussed below.

Dispersive and electrostatic interactions fall into very dif-

ferent linear response regimes. Dispersive interactions are typ-

ically associated with small energy fluctuations, and thus a

small entropy, while electrostatic energy fluctuations are large,

and thus produce large solute-water and water-reorganiza-

tion entropies (of nearly equal and opposite magnitude). The

accuracy of linear response predictions implies that these fluc-

tuations are nearly Gaussian, which in turn implies that water’s

capacity to respond to solutes of various polarities is far from

saturated. On the other hand, the formation of a cavity of

molecular size in water is not a linear process, which means

that cavity formation fluctuations are significantly non-Gaus-

sian (except for very small cavities). However, cavity forma-

tion thermodynamics may be accurately described using the

C-EOS18 or other approaches that extend beyond traditional

scaled particle or information theory (Gaussian fluctuation)

approximations.4,45,48

Although linear response predictions appear to capture

the global trends and magnitudes of hydration thermody-

namic functions, no molecular coupling process is expected

Unraveling Water’s Entropic Mysteries Ben-Amotz and Underwood

Vol. 41, No. 8 August 2008 957-967 ACCOUNTS OF CHEMICAL RESEARCH 963



to be perfectly linear.22,27,29,33,53 Moreover, the two vari-

ants of linear response theory that we have used to

describe nonpolar and polar/ionic hydration are only first

approximations to the full range of possible linear response

behaviors. More specifically, the physically reasonable

assumptions that Euv
0 |d ≈ Euv|d, Euv

0 |e ≈ 0, and |δq|e )
|T/2[(∂Euv

0 /∂T)P + (∂Euv/∂T)P]|e , |TSuv|e ≈ |T∆Svv|e, are not

required by linear response theory, so a broader range of

linear response behaviors may in general be observed. An

interesting case in point is illustrated by simulations in a

wide variety of dipolar and quadrupolar fluids,25,26 which

invariably confirm the that Euv
0 |e ≈ 0, while in some polar

fluids |δq|e (or electrostriction) is found to be non-negligi-

ble.56 Thus, although linear response behavior is appar-

ently a quite ubiquitous feature of electrostatic solvation (in

both aqueous and nonaqueous fluids), entropy cancella-

tion, T∆Svv|e ≈ -TSuv|e is evidently not as general, although

it is clearly a characteristic feature of the electrostatic con-

tributions to hydration under ambient conditions (which is

likely linked to the large heat capacity and anomalously

small thermal expansion coefficient of water). In addition to

these limitations, the assumed decoupling of dispersive and

electrostatic interactions, which is implicit in eq 10, is also

only a convenient first approximation, as simulation results

suggest that turning on electrostatic interactions can also

perturb Lennard-Jones contributions to Euv.
29,52 Moreover,

hydration-induced changes in internal degrees of freedom

and the effects of solute shape on cavity formation ther-

modynamics have not been explicitly considered (although

these are expected to be relatively small).1,29,54

More accurate tests of linear response predictions require

improved computer simulation measurements. For exam-

ple, the constraints imposed by eq 4 may be used to criti-

cally test the absolute accuracy of simulation results for the

self-solvation of water. The experimental heat of vaporiza-

tion of water implies that Euv ≈ -82 kJ/mol (at 298 K and

0.1 MPa),41 while some simulations have yielded errone-

ous Euv values as large as -104 kJ/mol.52 However, more

recent simulations yield results that are closer to the exper-

imental values but range from -95 < Euv < -79 kJ/mol

when different water potentials or simulation conditions are

used.42 Given all of the above possible sources of error, it

is indeed remarkable that the observed deviations from lin-

ear response predictions rarely exceed about (10 kJ/mol

(approximately (4RT).

The experimental and simulation results presented in this

Account all pertain to ambient conditions. The ubiquity of lin-

ear response solvation behavior in a wide range of dipolar

and quadrupolar fluids25,26 suggests that the electrostatic lin-

ear response approximation is likely to remain accurate in

water under nonambient conditions. Experimental hydration

entropies of polar and ionic solutes suggest that the magni-

tude of δq|e ) -T/2[(∂Euv
0 /∂T)P + (∂Euv/∂T)P]e remains small

over the biologically relevant temperature range of 0 < T <
50 °C, while at higher temperatures the experimental hydra-

tion entropies of polar/ionic and nonpolar solutes begin to dif-

fer more significantly, implying an increase in the relative

magnitude of δq|e.

The water reorganization energy and entropy associated

with cavity formation is markedly temperature dependent,18

and this temperature dependence plays a key role in dictat-

ing the large positive hydration heat capacities of hydropho-

bic solutes.17 The reorganization of water also contributes to

often noted enthalpy-entropy compensation pheno-

mena,1,9–14 since reorganization entropies and enthalpies are

rigorously compensating (T∆Svv ) ∆Hvv ) ∆Evv + Pv̄ ≈ ∆Evv).

However, the results in Figures 2–5 clearly indicate that under

ambient conditions the compensation of experimental hydra-

tion enthalpies and entropies only plays a marked role in

hydrophobic hydration, since polar and ionic interactions lead

to a large additional enthalpy but virtually no net hydration

entropy (due to the entropy cancellation phenomena high-

lighted in this Account).

It is also interesting to note that while dispersive (van der

Waals) interactions between water and relatively small sol-

utes are well described by first-order perturbation theory,

the same may not be the case for macromolecules or oil

drops in water. More specifically, the significant water struc-

tural changes associated with turning on cohesive interac-

tions between water and large hydrophobic (purely

repulsive) particles4,19,55 are expected to lead to second-

order (entropic) contributions to hydration thermodynamic

functions but not a breakdown of linear response behav-

ior (as confirmed by our preliminary simulation of nanom-

eter size oil drops in water).

In summary, the present analysis reveals fundamental

links between energetic and entropic contributions to

hydration, which go beyond traditional enthalpy-entropy

compensation. These indicate that solute-water interac-

tion energies dictate both solute-water and water-water

entropy changes, each of which may be independently

quantified by combining experimental results with linear

response theory. This intimate connection between hydra-

tion energies and entropies is rooted in Gibbs inequalities,

which imply that solute-solvent interaction energies
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impose both upper and lower bounds on hydration entro-

pies and free energies. These bounds ensure that cohesive

intermolecular contributions to hydration can hardly stray

very far from linear response predictions.
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Appendix: Notational and Numerical
Details
The following expressions relate the intermolecular interac-

tion parameters in this work to those defined in ref 1.

Euv ) 〈Ψ 〉 (1) ) εµ

E0
uv ) 〈Ψ 〉 (0)

Suv )-k ln〈e�δΨ 〉 (1) ) sµ

∆Evv ) ∆〈Φ 〉 + [T(αP

κT
) - P]v̄ (13)

Note that configuration averages in the fully coupled solu-

tion, 〈 ...〉 (1), are sometimes abbreviated as 〈 ...〉 and ∆Evv )
∆〈Φ〉|P is the reorganization energy at constant pressure (while

∆〈Φ〉 ) ∆〈Φ〉 |V pertains to a constant-volume process).17,18

Linear response theory amounts to assuming that devi-

ations (fluctuations) of the solute-solvent energy from its

mean value, δΨ ≡ Ψ - 〈Ψ〉 , have a Gaussian distribution.

When this is the case, then ln〈eδ�Ψ〉 ) �2〈 (δΨ)2〉/2 is inde-

pendent of the value of the coupling parameter, �, and

〈Ψ〉 (�) is a linear function of �, and thus the Kirkwood

reversible work expression yields ∆G ) µx ) ∫0
1〈Ψ〉 (�) d� )

(〈Ψ〉 (0) + 〈Ψ〉 (1))/2.2Note that 〈Ψ〉 (�) represents the full

solute-solvent interaction energy averaged over configu-

rations of the solvent equilibrated with a coupling param-

eter equal to �. Thus, computer simulations may be used to

confirm linear response behavior by verifying either that

〈Ψ〉 (�) is a linear function of � or that the interaction energy

of the partially coupled solute with the solvent, �〈Ψ〉 (�), is a

quadratic function of �.

The quantities ∆G, ∆S, ∆H, and v̄ are equivalent to Ben-

Naim’s solvation thermodynamic functions ∆GS
/, ∆SS

/, ∆HS
/, and

V̄/, respectively.38These pertain to the solvation of a station-

ary solute, which may in turn be related to various other (non-

stationary) solvation thermodynamic functions, as described in

ref 32and the appendix of ref 17. The experimental hydra-

tion thermodynamic functions tabulated in the Organic Com-

pound Hydration (ORCHYD) database50are equivalent to those

obtained using what Ben-Naim refers to as an “m-

process” and so are related as follows to the above functions

(at 298 K and 0.1 MPa).

∆G ) ∆hG
0 - 7.95

∆H ) ∆hH
0 + 2.29

∆S ) ∆hS
0 - 34.34

v̄ ) V2
0 - 1.12 (14)

The free energy and enthalpy units are kJ/mol, while those of

the entropy and volume are J/(K mol) and cm3/mol,

respectively.

In applying the C-EOS to predict cavity formation ther-

modynamic functions, we have used molecular van der

Waals volumes, VvdW,49to estimate cavity radii, Rc ) [VvdW3/

(4π)]1/3 + 1.4 (where all lengths and volumes are expressed

in angstroms units, and 1.4 is the radius of a water mole-

cule). Simulation results for the hydration of nonpolar mol-

ecules indicate that the corresponding solute-water

interaction energies are linearly correlated with solute vol-

ume, Euv|d ≈ -0.47VvdW at 298 K (where the energies are

expressed in kJ/mol and the VvdW is in Å3 units), as indi-

cated by the dashed line on the right-hand-side of Figure 4.

The Euv points in Figure 4are previously
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reported simulation results obtained using OPLS-AA

solute-water potentials and a TIP4P water-water

potential.51,52The results shown in the lower panels of Fig-

ure 5are obtained by combining experimental ∆G and ∆H
values50with simulation results for the corresponding

solute-water electrostatic interaction energies Euv|e recently

reported by Almlöf, Carlsson, and Åqvist,29obtained using

OPLS-AA and TIP3P potentials. The ionic hydration points in

the lower three panels of Figure 2are obtained as described

in section 5, which is equivalent to combining the experi-

mental results in the upper three panels with eqs 10–12. In

other words, the difference between the hydration free

energies of the ions and rare gases, combined with their

nearly equivalent hydration entropies, are used to obtain

Euv, Suv, and ∆Svv. This procedure also implicitly assumes

that cavity formation and dispersive hydration thermody-

namic functions are the same for ions and the correspond-

ing isoelectronic rare gases.

FOOTNOTES

*To whom correspondence should be addressed. E-mail: bendor@purdue.edu.
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