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The tendency for oil and water to segregate often plays an important role in the assembly of
mesoscopic structures.  It is called the hydrophobic effect.  The driving force for this effect is the
nucleation of an interface in water, an interface much like that between liquid and vapor.   As with
all nucleation phenomena, the effect has significant length scale dependence.  Namely, a strong
hydrophobic effect requires the presence of an oily surface in water extending about 1 (nm)2 or more.
As such, only nano-scale and larger structures are reliably stabilized by hydrophobic interactions.
These interactions are collective, not simply estimated as a sum of separate components.  In this
nano-scale regime, the strength of hydrophobic interactions scale linearly with oil-water surface
area, whereas in the case of smaller separated oily components, hydrophobic interactions scale
linearly with oily volume.

Changes in hydrophobic effects with changes in
length scale have been the source of some
puzzlement and perhaps the primary reason why the
subject of hydrophobicity is laced with controversy.
Some aspects of this controversy are discussed at the
end of this article.  Our objective here, however, is to
show that once length-scale effects are appreciated,
most confusion is eliminated.  The reason why length
scales are central to the hydrophobic effect has to do
with the importance of hydrogen bonds in water.
Figure 1 helps to illustrate this fact by juxtaposing the
hydration of small and large hydrophobic solutes.
The pictured solutes are idealizations of real
hydrophobic species.  Most molecules dissolved in
water have more complicated shapes.  Nevertheless,
the idealized spherical hydrophobes capture the most
important physical feature responsible for
hydrophobic effects.  In particular, these solutes
exclude water molecules from the volumes they
occupy.  Hydrophobic species present regions of
space where hydrogen bonding cannot occur, as if
they are cavities in water.

Oily molecules interact with water in a variety of
ways in addition to excluding volume. They exert
weak attractive forces on water molecules with
Van der Waals interactions. They also exert strong
attractive forces with hydrophilic components,
such as the hydroxyl group on an alcohol.  While
Van der Waals interactions are too weak to affect
the existence of interfaces in water, they do affect
the position of an interface.  Similarly, while
hydrophilic parts of amphiphilic molecule are not
directly responsible for hydrophobic assemblies,
they do affect the arrangement of these assemblies
relative to interfaces and other structures.  We will
consider these effects, but begin in terms of the

most important physical features, all of which
are found in the analysis of how cavities are
solvated in water.

The small solute case depicted in Fig. 1a
illustrates the solvation of the cavity associated
with a molecule like methane.  Namely, it
excludes the centers of water molecules from a
spherical volume less than 0.5 nm across.  This
volume is small enough that its presence in water
requires no breaking of hydrogen bonds. Water
molecules can adopt orientations that allow
hydrogen-bonding patterns to go around the
solute.  The situation is different in the large
solute case illustrated in Fig. 1b.  Here, the solute
surface extends over areas larger than one square

Figure 1.  Cavities in water.  R is the distance of
closest approach between the center of a water
molecule and the center of the cavity , i.e., the
radius of the cavity plus the Van der Waals radius
of an oxygen atom (blue).  In the small cavity case
(a), R is a fraction of 1 nm, and water molecules
(blue) can sit adjacent to the cavity without
loosing hydrogen bonds (dotted lines) to other
water molecules.  In the large cavity case (b), R is
larger than 1 nm, and water molecules must
sacrifice hydrogen bonds when sitting adjacent to
it.
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nanometer (i.e., 1 nm2) making it impossible for
adjacent water molecules to maintain a complete
hydrogen-bonding network with the surrounding
liquid.  A fraction of the hydrogen bonding
possibilities are thus lost near an extended
hydrophobic surface. To lessen the loss, sacrificing
on the average less than one hydrogen bond per
water molecule, water tends to move away from
the large solute and forms an interface akin to that
between liquid and vapor.

This idea – hydrogen bonding is maintained near a
small hydrophobic region and not maintained near a
large hydrophobic region – provides the physical
basis for understanding hydrophobic effects.

Thermodynamics
Contrasting thermodynamic costs for solvating
small and large hydrophobic species in water are
one such effect.  Thermodynamic costs are
conveniently quantified in terms of a free energy
DG, specifically the reversible work for the solvent
to reorganize and solvate the solute.  The
probability of solvating a molecule is proportional
to exp(-DG/kBT), where T is temperature and kB is
Boltzmann’s constant.  It is due to this

principle of statistical mechanics1, relating
reversible work to probability, that DG  can be
determined by measuring equilibrium constants,
such as the concentration of the solute in water
relative to that in some other environment.
Further, DG can be computed from microscopic
theory by noting its relationship to a ratio of
partition functions, as described in Eqs. (1) and (2)
(Box 1).

The free energy has two primary components:
DG=DH-TDS, where DH and DS are the enthalpic
and entropic changes incurred during solvation.
The enthalpic part is a measure of the average
potential energy of interaction between molecules,
and the entropic part is a measure of the order
induced between molecules2. A process that
involves significant changes in hydrogen bonding
number will have a significant enthalpic
component.  For example, breaking hydrogen
bonds to form a liquid-vapor interface has an
enthalpic cost as manifested by DG /T decreasing
with increasing T. In that case, DG is the liquid-
vapor surface tension g times the surface area of
the interface.

Similarly, a process that requires specific
organization of hydrogen bonding will have an
important entropic component.  At room
temperature, for instance, the entropic cost in
hydrating small hydrophobic species is dominant
as manifested by DG increasing with increasing
temperature.  Sufficient increase in temperature,
however, eventually ends this trend because the
importance of maintaining hydrogen bonds is
diminished with increasing T.  For example, the
entropy DS = -∂DG/∂T for the hydration of a small
alkane is negative at room temperature but changes
sign passing through zero near the boiling
temperature of water3.

Box 1
Performing microscopic calculations of solvation
properties

The reversible work to transform from state 1 to state
2, G 2-G1, is determined from the ratio of partition
functions (i.e., Boltzmann weighted sums) for those
respective states

1
,

(1)      

† 

G2 - G1 = -kBT ln Z2 /Z1( )
(2)                     

† 

= -kBT ln exp -DE /kBT( )
1
 

(3)                     

† 

ª DE
1
 

where DE  denotes the difference in microstate
energy between states 2 and 1, and ·…Ò1 denotes
the equilibrium ensemble average (i.e., Boltzmann
weighted average) over the microstates of state 1.
The third and approximate equality is valid when
DE/kBT is predominantly small in that ensemble of
microstates.

Equations (2) and (3), together with a force field
model, provide all that is necessary in principal to
apply a computer simulation to calculate solvation
free energies

4
. As discussed in Ref. 4, there are

various efficient sequential ways to use computer
simulation to perform the average prescribed by Eqs.
(2) and (3) and thus compute DG.

State 1 can refer to the pure solvent and state 2 the
solvent plus the solute.  DE in that case is the
potential energy of interaction between the solute
and the solvent with the solute fixed in space,
and the free energy difference, G 2-G1, is the
solvation free energy, DG.  Then, the chemical
potential of the solute at a low concentration r is kBT
ln(ra3) + DG, where a is a length, the specification
of which defines a standard state convention.  In one
common choice of standard state, 1/a3 is the
concentration of the liquid, in which case, ra3 is the
mole fraction of solute.
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Interfaces and size scaling of DG

At ambient conditions, liquid water lies close to
phase coexistence with its vapor.  At these
thermodynamic conditions, large hydrophobic solutes
are accompanied by an interface like that between
liquid and vapor. Changing thermodynamic state so
as to move away from coexistence reduces the
tendency to form this interface.   High pressures and
elevated temperatures lead to high concentrations of
broken hydrogen bonds even in the absence of
interfaces.  At standard conditions, however, the
large hydrophobic solute does induce an interface so

that its free energy contains a part that is
proportional to surface area, with the
proportionality constant being the surface tension.
Thus, the cost to hydrate the large sphere depicted
in Fig. 1b is DG ≈ 4pR2g .

In general, there is also a pressure-volume part to
the free energy of a large cavity in the
liquid.  At and near standard conditions, however,
the pressure-volume term remains small compared
to kBT until the solute volume is many times larger
than 1(nm)3.  We will not consider such large

Box 2
Free energy for cavities in water

Box 2
Free energy for cavities in water
For a cavity with volume v, which need not be spherical, DE in Eq.(2) is infinite whenever a solvent particle is in the
cavity and zero otherwise.  As such, Eq. (2) implies that the solvation energy is DGv=-kBTlnPv(0), where Pv(N) is the

probability of finding in the pure solvent N solvent molecules in the volume v.  For small volumes, this probability is
almost exactly Gaussian

5
, from which it follows that DGv can be expressed analytically in terms of the cavity volume,

v, the mean number of molecules that occupy that volume in the pure liquid, ·NÒv=vr, and the mean-square
fluctuation in that number of molecules, cv. In particular

6
,

(4)                                           

† 

DGv ª kBTr 2v2 / 2c v + kBT ln 2pc v( ) / 2  ,

with

(5)                              

† 

c v = dN( )2

v
= rv + r 2 drvÚ dr'vÚ g r - r'( ) - 1[ ] .

The integrand for integrals over the cavity volumes in the second equality in Eq.(5) is the pair correlation function for
the pure liquid.  Since the radial distribution function, g(r), is unity beyond the correlation length of the liquid, it follows

that cv is roughly proportional to v.  This behavior together with Eq.(4) explains why DG for small hydrophobic solutes
is approximately linear in solute volume.

The temperature dependence obtained from Eq.(4) well approximates the temperature dependence of DG for small
hydrophobic molecules in water

6
.  For example, consider a cavity of diameter 0.35 nm, as would be appropriate for

methane.  The entropy of solvation, DS = -∂DG/∂T, calculated from Eq.(4) at room temperature is 20 cal/mol-deg. The
heat capacity of solvation, DCp = -T∂2DG/∂T2, computed from Eq.(4) for that same cavity in water is about 50 cal/mol-
deg.  These numbers agree well with those measured for methane in water at room temperature, about 17 cal/mol-
deg and 50 cal/mol-deg for the solvation entropy

7
 and heat capacity

8
, respectively.

For large cavities in a liquid at low pressures, macroscopic thermodynamics implies that

(6)                                                                

† 

DGv ª g Av ,

where Av is the surface area of the cavity and g is the liquid-vapor surface tension.  A pressure-volume contribution is
neglected because the pressure is too low to affect mesoscopic cavities, and the coefficient of free energy per surface
area is equated to the liquid-vapor surface tension because a the liquid and vapor are close to coexistence when the
pressure is low.  A combination of Eqs. (4) and (6) that favors whichever is the smaller,

(7)

† 

DGv

-1
ª gAv( )-1

+ kBTr 2v2 / 2c v + kBT ln 2pc v( ) / 2( )-1
,

provides an interpolation formula for bridging small and large length scales.  When applied to spherical cavities, this
interpolation formula is a reasonable approximation to the circles graphed in Fig. 2.  Whether spherical or otherwise,
once the cavity is specified, all quantities entering into to the right-hand-side of Eq.(7) are experimentally measurable.
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volumes.

For a small solute, DG  does not necessarily scale
linearly with surface area because a small solute by
itself does not lead to the formation of an interface.
Rather, the small solute induces an ordering of
hydrogen bonds.  This induction will persist from the
points within the solute (the region from which water
is expelled) to points in space no further distant than
a correlation length in liquid water.  See Eqs. (4) and
(5), Box 2. Correlations

in water extend about one diameter of a water
molecule, or equivalently, the girth of a typical
small molecule.  Thus, adding up the points over
which a small solute will affect correlations in
water gives a free energy that scales more like the
volume of the solute rather than the surface area of
the solute.  Thus, DG to hydrate the small sphere
will scale more accurately as R3 rather than as R2.

Figure 2 illustrates how the difference in scaling
for small and large hydrophobic solutes results in a
crossover length of about 1 nm.  For larger solute
size, free energy growing linearly with surface area
is smaller than that growing linearly with volume.
The word “crossover” is used to distinguish the
behavior illustrated in Fig. 2 from more sudden or
singular changes usually referred to as
“transitions”.  A transition in the usual sense
requires a collective action of macroscopic extent.
Nothing on a molecular scale is so precipitous.
The crossover pertinent to hydrophobicity is
collective but of microscopic extent.  Contrasting
the asymptotic length scale dependence of DG for
very large solutes with the approximate
dependence for small solutes allows for the
identification of the typical length characterizing
the crossover, but not the quantitative behavior of
DG in the crossover regime.  The latter, shown in
Fig. 2, is the result of detailed microscopic
calculations for solvating spherical cavities.

In essence, microscopic calculations perform
Boltzmann weighted sums and averages over

The solid lines refer to the ideal hydrophobic solute which expells water from the sphere of radius R.  The dashed
lines refer to the case where the cavity also interacts with water via a Van der Waals attraction typical of that between
water and a spherical cluster of oil.  For cavities with radii less than 1 nm, the effects of this attraction on g(r+R) are
nearly neglegible and not visible on the scale of the graph in the bottom left panel.

Figure 3.  The
average equilibrium
density of water a
distance r+R  from
spherical cavities in
liquid water at
standard conditions.
R is the distance of
closest approach
between the centers
of a water molecule
and the cavity.  The
lines representing
g(r+R), the density
relative to that of
bulk water, are the
r e s u l t s  o f
microscopic
theory12,50.

Figure 2.  Solvation free energy, DG, for a spherical
cavity in water as a function of cavity size.  The
graphed results are for ambient conditions, i.e., room
temperature and 1 atm pressure.  The circles are
results of microscopic theory51. g  is the liquid-vapor
surface tension.  The solid lines are drawn to show the
approximate behavior of DG/4pR2 for small R, and the
asymptotic behavior for large R.
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solvent fluctuations in the presence (or absence) of
the solute, as discussed with Eqs.(1)-(3).  While
carrying out such a calculation, the density of solvent
at positions relative to those of the solute can be
recorded and averaged. Results for this average are
shown in Fig. 3 for a series of cavity sizes.  The
cavity with small excluded volume radius, R = 0.4
nm, shows a factor of two increase in water density
adjacent to the solute surface.  In this case, the solute
is said to be “wet.”  The density adjacent to this
cavity is significantly larger than that of bulk water
because the liquid responds elastically to the cavity,
localizing water molecules so as to maintain
hydrogen bonding. In contrast, the larger cavities,
with R  = 1, 10 and 100 nm, can be said to be
“dewetted” or “dry” relative to the smaller solute.
Here, the large cavity has caused the source of
elasticity – the hydrogen bond network – to break, so
that the liquid moves away.  The similarity between
the interface so formed and the liquid-vapor interface
is especially clear for the largest of these cavities.

In formal statistical mechanical parlance, a wet
surface is one on which lies a macroscopically thick
liquid layer or film, and a dry surface is one on which
lies a macroscopically thick vapor layer.  Capillary
condensation is an example of wetting in this formal
sense9.  In contrast, our usage of these words refers to
microscopic phenomena and is descriptive rather than
formal.  For instance, due to Van der Waals
attractions between surface and solvent, no natural
macroscopic hydrophobic surface can be dry
in the formal sense.  The free energy cost to move the
liquid macroscopically far from the surface would be
intolerable.  Nevertheless, in comparison to the
density of water surrounding a small hydrophobic
molecule in water, or the density of water

surrounding a hydrophilic surface, nano-scale and
larger hydrophobic surfaces in water are indeed
dewetted in the descriptive sense.

Driving Force of Assembly
The tendency for hydrophobic particles to cluster
in water can be understood in terms of the size
scaling of hydrophobic solvation. For example,
imagine n small hydrophobic particles solvated in
water.  When these particles are far separated, each
is solvated independent of the others.  The
correlation length of water is small (a fraction of 1
nm) so that hydrophobic solutes separated by more
than 1 nm cannot affect one another.  In this case,
the solvation free energy is n times the solvation
free energy for one of the solutes (assuming for
simplicity that the small solutes are all the same
type).  Furthermore, the solvation free energy for
one is proportional to the volume of that solute.
Thus, the net free energy grows linearly with the
net excluded volume of the solutes.  This behavior
is illustrated in Figure 4.

When these n solutes are clustered together so as to
form a hydrophobic unit extending beyond a 1 nm
length scale, the free energy scaling changes from
growing linearly with solvated volume to linearly
with solvated surface area.  Figure 4 shows how
this latter scaling produces lower solvation energy
than the former provided n is large enough.  In the
case of large enough cluster size, there is a
favorable driving force for assembly of size -Dg.
Further, the figure shows that at standard
temperatures, this size will increase with increasing
temperature T. The trend of stronger driving force
with increasing temperature is well known, and is

Figure 4.  The driving force, Dg, for
assembling a cluster of small
hydrophobic particles.  For large
enough clusters, it is a favorable driving
force.  The horizontal and rising lines
indicate the behavior of the solvation
free energy for the assembled and
dissassembled cluster, respectively.
The free energies at a higher liquid
temperature are indicated with thin
lines, while those at a lower
temperature are indicated with thick
lines.  g  refers to the liquid-vapor
surface tension.  The terms “volume”
and “surface area” denote to the volume
excluded to water, and the solvated
surface area of that volume,
respectively.
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often cited as implying that hydrophobic interactions
are entropic10.  In part, the source of the trend is
indeed entropic, but the net effect is due to
subtracting an entropically dominated small length
scale solvation free energy from an enthalpically
dominated large length scale solvation free energy.

A hydrophobic force of assembly will be proportional
to the rate of change of solvated hydrophobic surface
area for the case where all surfaces are extended.
Here, the size of the force will be significantly
enthalpic, and the proportionality constant will be an
oil-water surface
tension.  More generally, however, the
proportionality does not hold.  For example, when a
collection of small hydrophobic units assemble to
form an extended cluster, such as depicted in Fig. 4,
solvated hydrophobic surface area of the cluster does
contribute to the size of the force, but so too does the
molecular volumes of the separate units.  In physical
situations like this, where both small and large length
scale regimes play a role, hydrophobic forces cease to
be additive.  For instance, of hydrophobic forces are
pair decomposable between small unclustered
hydrophobic units, but become non-pair
decomposable as the separate small particles combine
to form an extended hydrophobic surface and
associated solvent interface.  This breakdown in
additivity manifests the collective effect of forming
an interface.

If the configurations of a finite number of small
hydrophobic solutes are unconstrained, found
anywhere within a macroscopic container, the
entropy of the dissociated stateoverwhelm the
driving force Dg that would favor a cluster.  In that
case, the cluster of n hydrophobic solutes in water,
with n  finite, can be no more than metastable.
When the hydrophobic particles are connected in a
chain, however, the entropy favoring the extended
state is finite, making it possible for the cluster to
become the stable state.  Portions of a trajectory of
a hydrophobic chain in water taken from a
computer simulation demonstrating hydrophobic
collapse are shown in Fig. 5.  A transition states for
the collapse is the formation of a critical nucleus of
hydrophobic particles from which subsequent
motion is committed to the stable state.  This
critical nucleus can be formed in many ways, but it
is always coincident with the formation of a liquid-
vapor-like interface11.

Role of weak attractive forces
A basic tenet of liquid state physics is that weak
attractive forces, like Van der Waals attractions,
play little or no role on the structure of a dense
fluid14.  Since the density is high, the material is

(a) (b)

(c) (d)
)

Figure 5.  The collapse of a
hydrophobic chain in water (taken
from Ref. 11).  The chain is
comprised of 12 hydrophobic
particles (red), each with radius 0.5
nm.   The solvent is depicted on a
grid filled with cubic cells of size
(0.2 nm)3.  A blue cell indicates a
region of space in which the
density of water averaged over 10
ps is close to that of bulk water.  A
white cell indicates a region of
space in which the density of water
averaged over 10 ps is much lower
than that of bulk water density.
Panel a  shows the chain in a
typical extended configuration. It
is a stiff chain, so that extended
configurations comprise the stable
state of this chain in vacuum.  In
water, however, the compact
globule state is stable.  The half-
life of the extended coil state in
water is about 1 ms.  Three snap shots from a 1 ns section of a trajectory in which the chain collapses to the globule is
shown in Panels b,c and d.  Panel c is a transition state configuration.
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almost incompressible, eliminating all but small
length scale density fluctuations.  In this case, only
packing effects and strong attractions that vary
quickly in space like those associated with hydrogen
bonds play structural roles.  This idea provides a
useful starting point for thinking about dense fluids,
but it is not entirely applicable in the context of
hydrophobicity.  The reason has to do with the
interfaces that form in water near an extended
hydrophobic surface.

Extended fluid interfaces near or at phase coexistence
are often referred to as “soft” because they can be
translated in space with little or no free energy cost15.
As a result of this softness, the location of the liquid-

vapor-like interface near a large hydrophobic
surface can be significantly affected by Van der
Waals attractions.  This point is illustrated in Fig.
3.  In the case of a small hydrophobic solute, where
a soft interface does not accompany the solvation,
adding typical oil-water Van der Waals attractions
has essentially no effect on the average density of
surrounding water.  This behavior contrasts with
what happens for the larger solutes that are
accompanied by a soft interface.  Here, adding
weak attractive forces brings the liquid interface
into contact with the hydrophobic surface.  The
interface remains largely intact but translated.  It
makes contact, but it does not wet the hydrophobic
surface in the sense that there is no significant
excess water density.  This observation explains
why liquid water-oil surface tension is 20% lower
than the liquid-vapor surface tension.  Namely, the
water-oil surface tension is accurately
approximated as an intrinsic part with the liquid-
vapor surface tension, plus the negative oil-water
Van der Waals interaction averaged over a plane
dividing water from oil at their respective average
bulk densities. See Box 3.

Similarly, since weak attractive forces do not
appreciably affect the average solvent density near
a small hydrophobic molecule, the effect of Van
der Waals attractions on solvation energies in this
case can be computed by first order perturbation
theory, using the cavity as its reference.  See Eq. 8,
Box 3.  The contribution from the Van der Waals
interaction to DG  for small hydrophobic molecules
is not negligible, see Box 4, but it has no explicit
temperature dependence.  It is thus primarily an
enthalpic contribution.

Amphiphilic molecules and micelle Assembly
Amphiphilic molecules have both hydrophobic and
hydrophilic components.  In aqueous solutions,
they form an array of mesoscopic assemblies.
Virtually all are stabilized at least in part by
hydrophobic forces10,15,21.   The simplest of these
assemblies are spherical micelles, Fig. 6, which we
consider now to illustrate two points.  First, the
principles discussed in the context of purely apolar
solutes also apply to molecules containing
hydrophilic components. Second, entropic effects
play a significant role because molecular
configurations are restricted when accommodating
both hydrophilic and hydrophobic interactions.

Box 3
Free energy from Van der Waals interactions

The contributions to DG  from adding a Van der
Waals attractions between water and a cavity can
be estimated for small solutes by noting that the
structural effects of these interactions are small in
this case.  Equation (3) of Box 1 then applies.  As
such

1
,

(8)       

† 

DG ª DGv + r dr gv r( )Ú u r( )  ,

where gv(r) is the average density of solvent in the
presence of the cavity relative to that without the
cavity (e.g., Fig. 3), and u(r) is the added Van der

Waals potential acting on the solvent at position r.
The integral in Eq.(8) is approximately linear in
volume for small solutes, the same as the scaling of
DGv.  The accuracy of Eq.(8) in estimating the
contribution of Van der Waals interactions on
solvation free energy has been verified by
computer simulation

12
.

Since u(r) is attractive and thus negative, its
contribution to DG  favors solvation.  It is an
enthalpic contribution, whereas DGv in this case is
primarily entropic. For large hydrophobic solutes
with Van der Waals attractions, the average density
is well approximated as the bulk density at all
points not occupied by the solute.  That is, gv(r) in
Eq. (8) can be approximated by unity for all r
outside the solute and zero otherwise.  The integral
then gives a favorable enthalpic contribution to DG,
but now scaling linearly with solute surface area
rather than volume.  For large solutes, therefore,
size scaling and trends with temperature are the
same for both the cavity and the Van der Waals
contributions to DG.  Carrying out the integral for
the case of an infinitely extended hydrophobic
surface (i.e., R‡•) explains the difference
between the oil-water and vapor-water surface
tensions

13
.
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Thinking along the lines discussed in Box 4, the
picture of an amphiphilic molecule in Fig. 6 suggests
that the free energy to solvate a single amphiphile or
surfactant in water is approximately the free energy
to hydrate the hydrophilic head group plus the free
energy to hydrate its oily chain.  The latter should be
close to that for the corresponding hydrophobic
molecule – the chain without the hydrophilic head
group.   In contrast, the free energy to solvate the
amphiphile within a micelle is approximately the free
energy to hydrate the head group plus the free energy
to solvate the oily chain within the oily interior of the
micelle.  The latter will approximately equal the free

energy to solvate the corresponding hydrophobic
molecule in oil. Thus, the transfer free energy to
move an amphiphile from a micelle to water, gtrans
, approximately equals the free energy of transfer
of the corresponding hydrophobic molecule from
oil to water.  To the extent this approximation
errors, it will provide an overestimate due to
whatever extra constraining effects exist within the
micelle that do not exist in pure oil.

The driving force to assemble a micelle with n
amphiphilic molecules, DGn  , will therefore contain

Box 4
Solubilities of small alkanes

In water at standard conditions, the solvation free energies of methane CH4, ethane (CH3)-(CH3), and propane (CH3)-

(CH2)-(CH3) are all about the same, differing by no more than 10% from 2 kcal/mol
16

.  Why are they so similar?

First, consider the solvation thermodynamics of methane.  With Eq.(8), its free energy, DGMe , can be written as a
contribution for forming its cavity, DGMe

(0), plus a contribution due to the Van der Waals attraction between methane
and water, -e, i.e.,  DG Me = DG Me

(0) - e. To estimate DGMe
(0), assume methane forms a spherical cavity, and use

Eq.(4) (Box 2) with the excluded volume radii of roughly 0.2 nm for methane and about 0.15 nm for water (i.e, R ≈
0.35 nm).  The result is DGMe

(0)≈7 kcal/mol.  Thus, e ≈ 5 kcal/mol because DGMe is about 2 kcal/mol.  While the Van
der Waals contribution is significant in the net free energy, Eq.(8) implies that it plays nearly negligible role in the
entropy of solvation, DSMe = -∂DGMe/∂T ≈  -∂DGMe

(0)/∂T. This result justifies the use of a cavity model to estimate

hydrophobic solvation entropies and heat capacities
6,17

.

Now consider estimating the solvation free energy of ethane, DGEt, relative to that of two methane molecules. It is
natural to do so since the solvation of an ethane molecule should be nearly identical to that of two overlapping

methane particles
18

.  (While it is unrealistic to imagine two undistorted methane molecules in such close proximity, it
is only the appearance of the solute to the solvent that is relevant for the solvation free energy.)  Thus, DGEt ≈ 2DGMe
+ Dw(L), where L is the C-C bond length in the ethane molecule, roughly 0.15 nm, and Dw(L) is the reversible work
to bring two methane cavities in water from being far apart to that separation L.  This quantity, Dw(L) can be
estimated from Eq. (4), again using the same excluded volume radii.  In this case, Dw(L)= DGv(L) - DGv(∞), where v(r)
refers to the cavity excluded volume created by two methane cavities with their centers separated by the distance r .
The result, with water at standard conditions, is Dw(L) ≈ -2 kcal/mol. Hence, 2DGMe + Dw(L) ≈ 2 (2 kcal/mol) – 2
kcal/mol = 2 kcal/mol.  This reversible work estimate therefore explains the coincidence of DG’s for methane and
ethane.

The argument is essentially the same for propane.  Here, we imagine starting with a methane cavity and an ethane
cavity, both in water and both far separated in water.  We then move these cavities reversibly, bringing them together
so as to form a propane cavity.  As this union can be done roughly collinearly, it is reasonable to approximate its
reversible work as the same at that for joining two methane cavities.  Thus, DGPr ≈ DGEt+DGMe+Dw(L).  Once again,
Dw(L) approximately cancels DGMe, and as such DG Pr has a value similar to DG  for the two smaller alkane
molecules.  This type of argument can also be used to anticipate the value of DG for solvating a short cyclo-alkane in
water relative to that for solvating the associated normal alkane in water.  Namely, DGcyclo ≈ DGnormal+Dw(L), and

experiment
19

 finds that the former is indeed between 1 to 2 kcal/mol less than the latter.

The fact that Dw(L) is close to the negative of DGMe is a coincidence, true for water, but not true in general for other
solvents.  Somewhat different values of e and cv would not change the physics, but would void the near cancellation.
The argument sketched here does, however, make the general prediction that the solvation free energy of a small
normal alkane chain should scale linearly with the number of carbons.  The slope should be DGMe+w(L).  Thus, we
can anticipate that the free energy to transfer an alkane chain from oil to water will scale linearly with chain length.

That scaling is found experimentally
10

. Further, when the cavity model is used to estimate the difference between

DGMe+w(L) for oil and that for water
20

, the result is a good approximation to the experimental slope.
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the contribution –ngtrans .  See Box 5.  This

contribution favors the formation of a micelle, but
it is opposed by two other contributions.  One
expresses the fact that the formation of a micelle
carries with it an interface.  This contribution is
approximately the oil-water surface tension times
the surface area of the micelle.  See Fig. 6.  It
grows linearly with n2/3, and is thus much smaller
than ngtrans for large n.  As such, if the surface free
energy were the only opposition to –ngtrans , the
micelle size would grow without bound.  This, of
course, is the situation with oil-water demixing,
where macroscopic droplets of oil will form in
water.  A second opposing contribution,
however, does limit growth of a micelle to a finite
size.  It is an entropic contribution accounting for
the reduction of configurations available to the oily
chains when constrained to lie within a micelle
with the head groups confined to the micelle
surface.  For large n, this contribution grows faster
than n, specifically as n5/3.  If the hydrophilic head
groups where charged and in an aqueous solution

Figure 6 .  Length scales of amphiphiles and micells.
The blue and red spheres depict the hydrophilic heads
and hydrophobic tails, respectively, of the amphiphiles.
d gives the typical length over which hydrophobic and
hydrophilic components are separated within a single
molecule.  L gives the radius of a micelle.  Assuming a
roughly spherical structure and tightly packed oily
components in the center, L ≈ (a 2d )1/3 n1/3.

 Box 5
Law of mass action for micelle assembly

The condition of chemical equilibrium between monomers and clusters of n monomers relates the equilibrium
concentration of the monomers, r1 , to that for the clusters, rn .  When both these concentrations are very low (i.e.,

r1
-1/3

 and rn
-1/3

 are both very large compared to any molecular scale length), the condition can be expressed as the

law of mass action
1

 (9)                           

† 

rna
3 = r1a

3( )n
exp -bDGn( ) ,

where b = 1/kBT, DGn is the thermodynamic driving force to assemble the cluster from n monomers, and a is a
molecular length.  For large n, where the driving force will grow with increasing n, Eq.(9) predicts a precipitous
crossover when

(10)

† 

ln r1a
3 = bDGn n          .

The value of r1 satisfying this equation is the lowest concentration of monomers where large clusters begin to form.
In the context of surfactant-micelle equilibrium, it is called the “critical micelle concentration,” and the most likely
micelle size at this concentration is the value of n that maximizes the driving force per unit n.

Viewing Fig. 6, we estimate that one part of DGn for micelle formation should be -ngtrans where gtrans is the free energy
to transfer the oily chain from the oily core of the micelle to water. A second contribution we estimate is the interfacial

energy 4pgL2 where g is the oil-water surface tension and L ≈ (nd a2)1/3 is the radius of a spherical micelle.  The third

and final contribution we consider is -kBTSn , where Sn is the entropy of the chains in a micelle with the hydrophilic

heads constrained to lie at the micelle surface.  An estimate of this entropy for large n gives
22

 Sn ≈  - (a/d)4/3n5/3 .
Summing these contributions gives the driving force, from which Eq. (10) yields

(11)

† 

ln r1a
3 ª -bg trans + bga 2( )2 / 3

,

where the value of n that maximizes DGn/n is to within factors of order one

(12) 

† 

n ª b g d 2
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with low ionic strength, unfavorable Coulomb
interactions would produce an additional super-
extensive contribution opposing large assemblies.
We limit our consideration here, however, to neutral
surfactants.

By combining these three contributions to the net
thermodynamic driving force and applying the law of
mass action, several predictions can be made, as
illustrated in Box 5.  For example, the critical micelle
concentration (cmc) decreases with length of the oily
chain.  Specifically, the slope of its logarithm as a
function of carbon number m  is the slope of -
gtrans/kBT  with respect to that same variable.
Experimental studies of cmc as a function of chain
length for n-alkyl polyglycol ethers, CnE6 for n=6,
10, 14 and 16, show that the logarithm of cmc
decreases linearly with chain length23. This linearity
is anticipated to the extent that gtrans is approximated
by the transfer free energy to move the corresponding
hydrophobic molecule from oil to water because the
oil-water transfer free energy grows linearly with
hydrophobic molecule chain length10.  Further, the
slope of the experimentally found linear relationship
for the logarithm of the cmc implies that ∂gtrans/∂m
should have the value of 0.5 kcal/mol.  This value is
of the same order as that anticipated from the slope of
the oil-to-water transfer free energy for alkane
chains10, 0.9 kcal/mol.

The analysis sketched in Box 5 also indicates that
near room temperature, critical micelle concentration
is a decreasing function of temperature, and that the
size of a micelle at these conditions is also a
decreasing function of temperature.  These
predictions are in accord with experimental
observation10.  Further, the temperature dependence
of oil-water transfer free energies suggest that gtrans
will be a non-monotonic function of temperature,
reaching a minimum at the convergence temperature
where the hydrophobic DS  passes through zero.
Equation (11) thus predicts a minimum cmc at a
temperature below the convergence temperature, a
behavior that has been detected experimentally24

near 50ºC for micelles formed from the ethers C12Ej
for j=4, 6 and 8.

This comparisons between experiment and the results
in Box 5 indicate that large length scale
hydrophobicity, the formation of interfaces and so
forth, persists in the presence of hydrophilic
interactions.  Hydrophilic interactions reduce the net

free energy of amphiphilic molecules in water,
thereby stabilizing reasonable concentrations of
oily components in water.  Hydrophilic interactions
then control the possible geometries for clustering.
This control has entropic consequences, such as
limiting the size of micelles. We can expect similar
consequences for other hydrophobically induced
assemblies, including folded protein structure.  In
the protein case, the constraints to be considered
include the effects of connectivity in the
polypeptide chain, as well as the need to
simultaneously satisfy hydrophobic and
hydrophilic interactions.

Is Water Special?
Considering thermodynamic anomalies, patterns of
hydrogen bonding, transport of protons, and so
forth, liquid water is obviously a unique solvent.
Nevertheless, the two physical features responsible
for hydrophobicity are not particularly unusual, at
least in an abstract sense.  Hydrophobicity results
from the solvent being close to phase coexistence
with its vapor, and from solute-solvent interactions
being significantly less attractive than solvent-
solvent interactions.  These conditions – the
proximity of phase coexistence and the imbalance
of attractive forces – can be satisfied with model
systems where the solvent has little in common
with water, the only similarities being a high
molecular density at conditions of low pressure
(i.e., the solvent, like water, is close to its triple
point).  For example, a Lennard-Jones solvent25,26,
a two-dimensional fluid model27 and even a two-
state lattice gas28,29, provide perfectly acceptable
models for exhibiting behavior akin to
hydrophobicity, including amphiphilic self
assembly30-32.

In nature, however, it is difficult to find a pairing
of liquids that exhibit attractive force imbalance to
the extent it is found with water and oil.  This
specific imbalance is due to hydrogen bonding
between water molecules, and it produces the
crossover at a length scale of 1 nm, and at
thermodynamic conditions near 1 atm pressure and
room temperature. Further, the fragility of the
hydrogen bonding structure in water leads to the
relatively large temperature dependence of
solvation entropies described earlier.  Namely, in
the small length scale regime and at room
temperature, DS is negative and large in magnitude,
but it increases rapidly with temperature, becoming
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positive near the boiling temperature.  This unusually
large heat capacity of solvation plays a significant
role in the temperature dependence for assembly, as
illustrated in Fig. 4, and it has been considered to be
important in the context of protein folding8,17,33.

Looking to the past
The general principles of hydrophobicity described in
this paper seem relatively clear.  Nevertheless,
literature on the topic is often laced with
disagreements and confusion.  Some controversy is
associated with quantitative issues, such as
appropriate ways of estimating corrections to the
cavity model and to Eq.(8).  See, for example, Ref.
34. A more significant source of confusion, however,
is the differing length scale dependences of
hydrophobic phenomena that is stressed in this paper.

The importance of hydrophobic phenomena in
structural biology has been widely appreciated at
least since the time of Walter Kauzmann’s influential
1959 paper35-37.  Charles Tanford’s monograph has
been similarly instructive and important10.  An
apparent puzzle noted but not resolved in these works
is the difference between macroscopic and
microscopic hydrophobicities.  The macroscopic
effect is manifested by the separation of oil-rich and
water-rich phases and the associated interfacial
tension g.  The microscopic effect is manifested by
the relative insolubility of oil in water and its
associated solvation free energy DG .  At standard
conditions, increasing temperature causes the former
to decrease while it causes the latter to increase.
Further, straightforward estimates of a microscopic
surface tension from the variation of D G  with
molecular size yields values three-fold smaller than
g38.

This puzzle is resolved by understanding the
crossover between small and large length scale
hydrophobicity.  The existence of a crossover from
small to large length scale hydrophobicity was
appreciated as early as 1973.  At that time, Frank
Stillinger proposed an interpolation formula that
bridged a molecular picture for the hydration of small
bubbles and a surface tension picture for large
bubbles39. Stillinger’s interpolation formula predicts
drying or dewetting of bubbles with radii larger than
about 1 nm.  Stillinger’s 1973 paper is curiously
ignored in various attempts to salvage the surface
area model for hydrating small hydrophobic
molecules (e.g., Refs. 40 and 41).  Perhaps these

workers found Stillinger’s proposal too speculative
to be compelling.  Subsequent work, however,
leaves little doubt that the proposal is largely
correct.

One part of that subsequent work was the creation
in 1977 of a successful molecular theory for the
solvation of small apolar molecules20.  Like
Stillinger’s approach in the small length scale
regime, this theory makes use of the measured pair
correlation function for density fluctuations in
water.  With no other information, the theory
explains the form of pair correlation functions
involving solvated hydrophobic species, free
energies for transferring oil molecules from oil to
water, and also free energies for hydrating alkane
molecules with n+m  units relative to those for
hydrating separately one alkane with n units and
another with m units.  See Box 4.

The essential approximation in the theory is to
assume that molecular density fluctuations in water
at small length scales obey Gaussian statistics.  It is
now known from numerical simulations that this
approximation is very accurate5.  Further, the
analysis of Ref. 5 revealed that the principal
equations following from this approximation are
extremely simple6.  See Box 2.  Gaussian statistics
is appropriate for estimating the entropic cost for
reorganizing water near a small hydrophobic
molecule because liquid water surrounding such a
molecule is little different than bulk water. Bulk
water, like most dense fluids, has a low
compressibility.  A low compressibility inhibits the
growth of density fluctuations.  Gaussian statistics
generally holds when the amplitude of fluctuations
are small.

Despite its demonstrated accuracy and conceptual
validity, some workers still suggest that something
more elaborate is required for small hydrophobic
species in water, such as focusing explicitly on the
orientational arrangements of water molecules near
a hydrophobic molecule42,43.  Suspicions have also
been expressed that the theory might not apply to
molecules with more complicated shapes or with
hydrophilic components43.  Yet the approach
pioneered in Ref. 20 was applied more than two
decades ago to successfully treat the hydration of
chain molecules44 and the hydration of an
alchohol45.
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The presence of extended hydrophobic surfaces in
water cause fluctuations to grow because these
surfaces break hydrogen bond networks and nucleate
interfaces.    Experiments reveal this phenomenon for
macroscopic surfaces.  Namely, water at an oil-water
interface is much like it is at a liquid-vapor
interface46-49. Stillinger’s proposal predicts the
appearance of this regime for hydrophobic surfaces
much smaller than macroscopic, surfaces as small as
1 nm2, thus suggesting that the crossover will be
significant in the assembly of nano-scale objects,
including perhaps protein folding and assembly.
Anders Wallqvist and Bruce Berne50 verified this
prediction in 1995.  With a computer simulation of
liquid water, these workers found dewetting between
two nano-scale hydrophobic plates immersed in the
liquid.  Other simulation studies have found evidence
of dewetting on this length scale51-53.  For oily
surfaces that attract water with Van der Waals
interactions, the interfaces equilibrate adjacent to the
surfaces, as we have discussed in the context of Fig.
3.  See also Ref. 54.  This close proximity of the
interface to the hydrophobic surface has caused some
to overlook the dewetting, imagining the surface to
be wet52. A wet surface, however, is markedly
different.  For example, the average density of water
adjacent to a hydrophilic surface is roughly twice that
of bulk water51. The average water density adjacent
to a small hydrophobic molecule is similarly high.
See Fig. 3.

Macroscopic water-oil phase separation is a first
order phase transition, and as such, its kinetics is
driven by nucleation.   According to classical
nucleation theory55, the critical nucleus of oil in
water has roughly the radius Rc ≈ g/roilDm, where roil
is the molecular density oil, and Dm is the chemical
potential change for transferring an oil molecule from
oil to water.  The value of this radius is essentially
the crossover length.  In other words, the physics of
the crossover is the physics of the oil-water phase
separation.  Based on this idea, a general molecular
theory of the crossover was developed in the late
1990’s by Ka Lum, John Weeks and this author56.
The implications of this theory have been considered
in a variety of contexts including kinetics of
dewetting between macroscopic plates56,57 and
microscopic plates26, the temperature dependence of
protein folding17, the solvation and assembly of
nano-scale cylinders with both hydrophobic and
hydrophilic components56, and the kinetics of

collapse of a hydrated hydrophobic chain11.  This
review article adopts the perspective of the Lum-
Chandler-Weeks theory.

And to the future
It is one thing to understand the underlying forces
in an effect, but it is quite another thing to
understand all the interesting implications of those
forces.  For example, a correct and useful theory of
hydrophobic effects should provide quantitative
guidance in the study of biophysical systems.  Do
we now have such a theory?  Perhaps, but it has not
been demonstrated.  I expect significant effort to be
directed along these lines.

One such topic where progress might soon be
found is protein-protein interactions and the self
assembly of large protein complexes.  In this case,
an issue of importance is the role of disorder on a
hydrophobic surface.  The disorder presented is
two-fold58. First, the hydrophobic surfaces of
proteins are laced with hydrophilic units.  Second,
the surfaces are irregular in shape.  These features
surely affect the length scales, strengths and
kinetics of hydrophobic interactions.  For example,
hydrophilic units will likely lessen the extent of
drying and thereby allow water to lubricate the
final stages of assembly in a protein complex. In
addition, the placement of hydrophilic units as well
as the specific topography or seeming irregularity
of the surface are likely important to the
complementarities of two protein surfaces.  Similar
issues would also seem significant for
understanding intra-protein processes, such as
folding.

It is important that these features of disorder
present themselves in a fashion that cannot anneal.
It is constrained or quenched.  The importance of
constraining or freezing in structure is already
apparent, for instance, in micelle assembly.  Were
it possible to disengage the chemical bonds
between surfactant heads and tails, the oily
components would simply phase separate from
water.  The chemical bonding constraints frustrate
this phase separation, and lead to the development
of mesoscopic domains rather than macroscopic
phase separation.  In the case of spherical micelles,
we have discussed how this frustration appears
mathematically through an entropic contribution to
the free energy that grows super-extensively with
increasing aggregate size.  The corresponding
entropic contributions that may explain the role of



 Submitted Nature insight review article

13

hydrophobic interactions in facets of protein folding
and protein-protein interactions remain to be
discovered.
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