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Abstract

Hydrophobic interactions are driven by the combined influence of the di-
rect attraction between oily solutes and an additional water-mediated inter-
action whose magnitude (and sign) depends sensitively on both solute size
and attraction. The resulting delicate balance can lead to a slightly repulsive
water-mediated interaction that drives oily molecules apart rather than push-
ing them together and thus opposes their direct (van der Waals) attraction for
each other. As a consequence, competing solute size-dependent crossovers
weaken hydrophobic interactions sufficiently that they are only expected to
significantly exceed random thermal energy fluctuations for processes that
bury more than ∼1 nm2 of water-exposed area.
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1. INTRODUCTION

Although we are accustomed to thinking of oil-water interactions as “phobic,” the substantial
attraction of water to oil plays a key role in tipping the delicate hydrophobic balance just enough
to render nonpolar molecules useful for the self-assembly of living systems and bioinspired devices.
Describing this emerging understanding (1, 2), with its subtle nuances and surprising twists, is
the primary aim of this review. This is a story about what makes water unique as a solvent—
highlighting the role of oil-water attraction in both increasing solubility and damping hydrophobic
interactions—to facilitate the emergence of dynamically responsive structures that live at the
precipice of instability. Be forewarned that, while a satisfyingly cohesive picture of hydrophobicity
is emerging, one may find parts of this story to be both disturbing and provocative, as it upends
common misconceptions regarding hydrophobicity and highlights open questions pertaining to
the role of crossover length scales and cooperativity in driving hydrophobic self-assembly.

Water-mediated hydrophobic interactions are intimately linked to hydrophobic hydration, as
the former arise from the latter. In other words, the water-mediated interaction free energy of
a hydrophobic aggregate is precisely equal to the difference between its hydration free energy
and the sum of the hydration energies of the individual (nonaggregated) molecules. Stated in yet
another way, the total interaction free energy of a pair of solutes in water is equivalent to their
potential of mean force w(τ ) = u(τ ) + �w(τ ), where u(τ ) is the direct interaction energy of the
solutes (in absence of water), and �w(τ ) = w(τ )−u(τ ) is the water-mediated contribution to w(τ ).
For spherical solutes, the variable τ is simply equal to the distance between their centers, while
for solutes of more general structure τ represents a collection of variables that define the relative
separation, orientation, and internal configurations of the two solute molecules. More generally
still, w(τ ) may represent the interaction free energy of a collection of multiple solutes, where u(τ )
and �w(τ ) are again the corresponding direct and water-mediated contributions to w(τ ). Both
the magnitude and sign of �w(τ ) depend remarkably sensitively on oil-water attractive interac-
tions. Moreover, the attraction between water and aliphatic groups places them very close to the
boundary between hydrophobic and hydrophilic regimes. Thus, whereas the hydration thermo-
dynamics of oily molecules are characteristically hydrophobic, their water-mediated interactions
can be hydrophilic, as water may pull oily molecules apart rather than pushing them together.

This delicate hydrophobic balancing act, which arises from the near-perfect cancellation of
large repulsive and attractive contributions, is one of the many unique features of water as solvent
(3–6). This cancellation sets water apart from other solvents—situating water near no solvent at
all—as the interactions between oily molecules in water are substantially dictated by their direct
interactions with each other (as in the gas phase). This behavior stands in marked contrast to
nonaqueous solvents, in which the conformations and interactions of oily molecules differ greatly
from the gas phase. Thus, the term hydrophobicity is most appropriate in distinguishing the
solvation of oily molecules in water and organic solvents, whereas, with respect to the gas phase,
oily molecules are not so very hydrophobic after all.

This review is focused rather narrowly on hydrophobic hydration and interaction thermody-
namics, with particular emphasis on the interplay of repulsive (entropic) and attractive (energetic)
interactions between water and oily molecules. Additional background may be found in previous
influential discussions of hydrophobicity (7–18). Blokzijl & Engberts’ (19) 1993 review provides a
uniquely valuable compilation of early experimental results. Chandler’s (20) 2005 Nature Insight
review presents a lucid exposition of the relevance of length scales to hydrophobic phenomena,
building on prior work (21, 22) and ideas insightfully described by Hummer and coworkers (23), al-
though a key water-mediated interaction approximation invoked in the latter discussion has since
been updated (24). Pettitt and coworkers (24a–24c) have recently highlighted open questions
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Figure 1
A solute’s solvation free energy reflects its equilibrium concentration ratio in the gas and liquid phase. Figure
adapted from Reference 37 with permission. Copyright 2008 American Chemical Society.

regarding the influence of solute shape on hydrophobicity. The central role of hydrophobicity
in host-guest binding (25–30) is eloquently reviewed by Hillyer & Gibb (31) in their companion
article in this volume. Readers particularly interested in the biological role of water and hy-
drophobicity should be aware of valuable previous reviews (5, 28, 32, 33). Some of the latter issues
are discussed in Section 4, after a review of the thermodynamics of hydrophobic hydration and
interactions in Sections 2 and 3.

2. HYDROPHOBIC HYDRATION THERMODYNAMICS

2.1. Ben-Naim Solvation Process

All the solvation thermodynamic quantities described in this work pertain to a Ben-Naim solvation
process, corresponding to the transfer of an isolated (gas-phase) stationary solute into water, as
further described by Ben-Naim (34, 35) (and in the Supplemental Appendix; follow the Supple-
mental Material link from the Annual Reviews home page at http://www.annualreviews.org).
The associated partial molar solvation free energy �G is directly related to the Ostwald absorption
coefficient ρL/ρV , where ρL and ρV are the equilibrium number densities (or concentrations) of
the solute in the liquid (L) and gas (V) phase:

�G = G(L) − G(V ) = −RT ln
(

ρL

ρV

)
. (1)

Thus, �G = 0 implies that the equilibrium concentrations of the solute are the same in the vapor
and liquid phases, whereas �G > 0 implies that the equilibrium concentration of the solute in
the liquid is smaller than that in the gas (and conversely when �G < 0), as illustrated in Figure 1.

2.2. Influence of Solute-Solvent and Solvent-Solvent Interactions

The combined experimental and molecular dynamics (MD) simulation results (36–41) shown in
Figure 2 reveal that all alkanes have remarkably similar positive, and relatively small, hydration
free energies arising from a nearly perfect cancelation of the attractive (EUV ) and repulsive (−TSUV )
solute-solvent (UV ) interactions (as further explained below). By contrast, the self-solvation free
energies of n-alkanes (in oil, Figure 2a) are negative and approximately linearly correlated with
n-alkane chain length. Moreover, MD simulations of n-alkanes (up to n-C22) in water and the
gas phase by Ferguson et al. (41) revealed that both the radii of gyration and folding mean force
potentials of n-alkanes are nearly the same in water and the gas phase. Yet, there is little doubt that
a long n-alkane chain, which spontaneously folds upon itself in the gas phase, will spontaneously
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Figure 2
(a) The hydration free energy �G of n-alkanes from CH4 (nC = 1) to n-C22H46 (nC = 22) is the sum of nearly equal and opposite
contributions from solute-water interaction energy EUV and fluctuation entropy TSUV (36). There is good agreement between the �G
values obtained experimentally and using classical (TraPPE/SPC-E) simulations (41). The EUV values are obtained using classical
(OPLS-AA/TIP4P) simulations (36). The triangular (brown) points represent the experimental solvation energies of alkanes in their
own pure liquids (49), which, unlike their hydration free energies, scale approximately linearly with chain length (�Gin oil ≈
0.429−2.84nC ), as do the interaction energies of alkanes with water (EUV ≈ −8.77−6.805nC ). (b) The correlation between EUV and
TSUV is nearly linear (TSUV ≈ −7.266 + 1.064EUV ) (solid line) but is slightly better represented by a quadratic function
(TSUV ≈ −4.707 + 1.1425EUV + 0.000453E2

UV ) (dashed curve) (36). (c, left column) Hydration thermodynamic functions of linear,
branched, and cyclic alkanes (with up to six carbons), and (right column) the corresponding solute-solvent and solvent reorganization
energies and entropies, plotted as a function of solute van der Waals volume (37). The dark purple points represent experimental
measurements (38), the gold points are classical (OPLS-AA/TIP4P) simulation results (39, 40), the orange points are obtained by
combining experimental and simulation measurements, and the curves represent linear-response (first-order thermodynamic
perturbation theory) predictions (37). Panels a and b adapted from Reference 37 with permission. Copyright 2008 American Chemical
Society. Panel c adapted from Reference 36 with permission. Copyright 2010 American Chemical Society.

unfold when transferred to a nonpolar solvent, driven by the favorable entropy of unfolding and
the absence of a significant enthalpic penalty to unfolding in a nonpolar solvent. This suggests
that, as far as oily solutes are concerned, water more closely resembles a gas (no solvent at all) than
it does an organic solvent.

Figure 2c shows how the experimental hydration thermodynamic functions (�G, �H, and
T�S) of various linear and branched alkanes are related to the underlying solute-solvent (UV )
and solvent-solvent (VV) interaction energies and entropies. The most important point is that
�G = EUV − TSUV is determined entirely by direct solute-solvent interactions, whereas �H and
�S contain additional contributions due to solute-induced changes in solvent-solvent interactions
that must necessarily exactly compensate �HVV = T�SVV and so do not directly contribute
to �G (43). Moreover, Figure 2b indicates that EUV and TSUV are also highly correlated and
approximately equal to each other (36). The following more detailed discussion of these issues
may be of most interest to aficionados of statistical mechanics. Other readers would do themselves
no harm by leaping directly from here to Section 2.3.

The Widom potential distribution theorem (in its inverse form) (42) yields the following exact
theoretical expressions for �G (37, 43, 44), although Equation 2 was first derived in other ways
(45, 46):

�G = RT ln
〈
e�/RT 〉 = 〈�〉 + RT ln

〈
e δ�/RT 〉 ≡ EUV − TSUV . (2)

The variable � represents the direct interaction energy between the solute and all the solvent
molecules (in a particular solvent conformation) and the angle brackets indicate an average over
all equilibrium configurations of the solution (at a constant temperature and volume, such that the
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average pressure of the system is equal to the experimental pressure of interest). Thus, 〈�〉 = EUV

is the average solute-solvent interaction energy. More specifically, � represents the difference
between the total energy of the system with and without the solute present (in a particular, fixed,
solvent configuration), and thus the definition of � does not require assuming that intermolecular
interactions are two-body additive (43). However, in a system with two-body additive interactions,
� is equivalent to the sum of the two-body interaction energies of the solute and all the surrounding
solvent molecules.

The energy difference δ� = � − 〈�〉 represents the fluctuations in � relative to its average
value, and thus σ =

√
〈δ�2〉 is the standard deviation of δ�. Equation 2 identifies −TSUV =

RT ln〈eβδ�〉 ≈ 1
2 βσ 2 > 0 (where β = 1/RT ) as the entropic contribution to �G arising from

fluctuations in the direct interaction energy between the solute and solvent. Note that 1
2 βσ 2 would

be exactly equal to −TSUV if the energy fluctuations were strictly Gaussian (which would in turn
imply that solute-solvent interactions may be described by linear response theory or equivalently
by second-order thermodynamic perturbation theory) (37, 43, 47, 48). Moreover, SUV is invariably
negative and increases with increasing σ 2 = 〈δ�2〉.

The direct solute-solvent interaction energy EUV is not equivalent to either the solute’s hydra-
tion energy �U or enthalpy �H, as the latter quantities contain an additional water-reorganization
energy, �UVV = �HVV − PV, arising from the change in the water-water interaction energy in-
duced by the solute (of partial molar volume V ) (36, 43). However, this water-reorganization
enthalpy does not contribute directly to �G because it is exactly cancelled (compensated) by the
corresponding water reorganization entropy, T�SVV = �HVV , and thus �HVV − T�SVV = 0, as
required by Equation 2, because �G = �H − T�S = EUV − TSUV :

�H = EUV + �U VV + PV = EUV + �HVV , (3)

T�S = TSUV + T�SVV = TSUV + �HVV . (4)

Although Equation 2 indicates that the solvent reorganization energy and entropy do not directly
influence �G, they can indirectly do so because EUV and SUV depend on the structure of the water
molecules surrounding the solute and that structure also determines T�SVV = �HVV . Moreover,
�S = −(∂�G/∂T )P , so solvent reorganization does contribute to the temperature dependence
of �G.

2.3. The Influence of Temperature

Figure 3 compares the hydration thermodynamics of xenon (Xe) and methane (CH4) (38) with the
self-solvation thermodynamics of n-hexane in its own pure liquid (49) over an exceptionally wide
temperature range (along the vapor-liquid coexistence curve) obtained from experimental data
compiled in the ORCHYD (38) and NIST (49) databases (see the Supplemental Appendix). A
wealth of insights regarding hydrophobic hydration and the unique properties of water as a solvent
may be gleaned from these results. For example, the hydration free energies �G of the nonpo-
lar solutes remain approximately constant (and slightly positive) over an enormous temperature
range, whereas the corresponding enthalpies �H and entropies T�S are strongly temperature
dependent and highly correlated with each other. When �H crosses zero, the hydration process
is entirely entropy dominated (as �G = −T�S), whereas when �S crosses zero, it is entirely
enthalpy dominated (as �G = �H ). The fact that �G remains approximately constant over this
temperature range suggests that there are large compensating contributions to �H and T�S that
do not directly contribute to �G—thus questioning the utility of referring to �G as either en-
thalpy or entropy “driven.” Although �G is approximately temperature independent, it cannot
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Figure 3
Experimental temperature dependence of the hydration thermodynamics of (a) xenon (Xe) and (b) methane (CH4) (38); (c) self-
solvation of n-hexane (n-C6H14) (49).

be precisely constant, as the nonmonotonic temperature dependence of �G is linked to the fact
that �S = −(∂�G/∂T )P , and thus �G must attain a maximum when �S = 0. The nearly linear
temperature dependence of �H (up to T ≈ 500 K) implies that the corresponding hydration heat
�CP = CP (L) − CP (G) = (∂�H /∂T )P is large and positive, and roughly constant, except at
temperatures approaching the critical point of water (Tc ≈ 647 K). The characteristically large
temperature derivative of �H (and T�S) for hydrophobic hydration processes (19, 44, 50) con-
trasts with the self-solvation thermodynamics of n-hexane (shown in Figure 3c), which is typical
of nonaqueous solvation processes.

Paschek’s (51, 52) MD studies of the hydration thermodynamics of Xe in water predict
that, although �HVV is strongly temperature dependent, EUV is not. This implies that �CP =
(∂EUV /∂T )P + (∂�HVV /∂T )P is largely determined by the temperature dependence of the water
reorganization enthalpy �HVV around a hydrophobic solute (44). Moreover, because both EUV

and �G are nearly temperature independent, so must TSUV be. In other words, the temperature
independence of �G can be traced to the fact that the direct interaction energy of Xe with water
is determined primarily by the density of liquid water, which is itself remarkably temperature in-
dependent (49). By contrast, �H is substantially influenced by the water-reorganization enthalpy
�HVV and thus is sensitive to solute-induced changes in water H-bonds, which are largely retained
at low temperatures but significantly disrupted at high temperatures, consistent with a tenuous
clathrate-like structure of the hydration shell surrounding nonpolar solutes (18, 53).

The approximately constant temperature derivative of �H over the normal liquid temperature
range of water (see Figure 3a,b) implies that the temperature dependence of �G, �H, and �S
for hydrophobic hydration process may be represented reasonably accurately by treating �CP

as a temperature-independent constant (43, 44, 54). However, the relatively small variations in
the temperature derivative of �H indicate that �CP is not in fact constant, as illustrated in
Figure 4, which shows the temperature dependence of the hydration heat capacities of Xe, CH4,
and three alcohols: ethanol (C2H5OH), n-propanol (n-C3H7OH), and n-pentanol (n-C5H11OH).
Similar results (over a narrower temperature range) have been obtained for other nonpolar solutes
(55), alcohols (56), and functional groups (57). However, the solvation heat capacities in nonpolar
solvents are much smaller and nearly temperature independent, as exemplified by the self-solvation
of n-hexane (49) and the solvation of Xe in various organic solvents (58, 59).

622 Ben-Amotz



PC67CH26-Ben-Amotz ARI 26 April 2016 12:9

400

300

200

100

Δ
C
P (

J/
K)

600500400300

a Xe

T (K)
600500400300

b C2H5OH

n-C3H5OH

T (K)

500

400

300

200

100

0

500400300200100

Two-state model

c
n-C5H11OH

CH4

T (K)

Figure 4
Partial molar hydration heat capacities, �CP , of (a) xenon, (b) ethanol and n-propanol, and (c) methane and n-pentanol are plotted as a
function of temperature in liquid water (along the vapor-liquid coexistence curve). Solid curves (a,b) are derived from global fits to
experimental hydration thermodynamic data (38). Points are (a) directly measured partial molar heat capacities of Xe (62), and
(b) obtained from a fit to a large number of experimental measurements performed over the indicated temperature range (56). Dashed
curves are (c) obtained from a two-state model fit (63) and (a) (∂�H/∂T )cc obtained from hydration enthalpy of Xe along the water
vapor-liquid coexistence curve (38), thus showing that (∂�H/∂T )cc ≈ (∂�H/∂T )P , over the normal liquid range of water (see the
Supplemental Appendix).

The nonmonotonic temperature dependence of hydrophobic heat capacities mirrors the heat
capacity of pure water, which also has a minimum in the normal liquid range and increases dra-
matically at both very low (supercooled) and very high (near critical) temperatures (60). However,
unlike the hydration heat capacities of nonpolar solutes, the self-solvation �CP of pure water
remains remarkably constant over its normal liquid temperature range (273 K ≤ T ≤ 373 K) and
is much smaller, �CP ≈ 42 J/(K mol) (49), than typical hydrophobic �CP values (as shown in
Figure 4).

The increase in �CP at high temperatures (as shown in Figure 4a,b) is consistent with
Wheeler’s lattice model predictions, pertaining to any system in which the solute-solvent in-
teraction energy is less favorable than (or comparable to) the solvent-solvent interaction energy
(61, 62). Frank & Evans (18) first recognized the decrease in hydrophobic hydration heat capacities
with temperatures in the normal liquid range of water (as exemplified by the results in Figure 4).
Gill and coworkers (63) have shown that a two-state model of water can approximately reproduce
the temperature dependence of �CP under this temperature range, as illustrated in Figure 4c (see
the Supplemental Appendix).

Other evidence of two-state behavior has been found in hydrophobic hydration thermody-
namics (13, 50, 64, 65) as well as in pure supercooled liquid (66–69) and glassy (70, 71) water.
Moreover, simulations have uncovered two structural motifs in the hydrophobic hydration shells
of proteins (65, 72), small molecules (10, 65), and nanoparticles (73). The two water structures
have variously been described as “clathrate-like” and “inverted” (72) or as consisting of “ice-like”
and “bent” H-bonds (10). These structures may be related to the experimentally observed trans-
formation from a more tetrahedral to a more disordered water structure in the hydration shells of
n-alcohols, with a transition temperature that decreases with increasing aliphatic chain length (53).
However, the fact that water often seems to display two-state behavior need not be inconsistent
with the presence of a continuum of H-bond strengths, lengths, and angles, as shown by Geissler
and coworkers (74, 75).
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(a) Oil-drop potential energies (solid curves) plotted as a function of the distance between the center of the oil drop and the center of a
water oxygen atom (76). The oil-drop cavity radius Rc corresponds to the oil-water separation at which the oil drop’s Week–Chandler–
Andersen repulsive core potential (dashed curve) is equal to RT ≈ 2.4 kJ/mol (77). The hydration thermodynamics of the first and second
oil drops are similar to n-alkanes with 8 and 22 carbons, respectively, and the largest two oil drops have hydration free energies of
∼10 kJ/mol. (b–e) Total hydration free energy �G (solid purple curves) for oil drops with various values of ρ and Rs plotted along with
the corresponding repulsive −TSUV (cavity formation) (blue dot-dashed curves) and attractive EUV (oil-water cohesion) (red dashed curves)
contributions to �G, obtained using classical (OPLS-UA/TIP4P) simulations (48). Oil drops with a methyl group density of ρ =
100 nm−3 are predicted to cross over from being hydrophobic (�G > 0) to hydrophilic (�G < 0) at Rs ≈ 0.48 nm (which corresponds
to a cavity radius of Rc ≈ 0.74 nm).

2.4. The Influence of Solute Size and Attractive Interactions

The influence of solute size and attractive interactions on hydrophobic hydration thermodynamics
may best be illustrated by considering the hydration of model spherical oil drops whose interaction
potential with water is obtained by uniformly distributing methyl groups of number density ρ over
a sphere of radius Rs (76). Note that the radius Rs that contains the methyl group centers is smaller
than the cavity radius Rc from which the centers of water molecules are excluded (as illustrated in
Figure 5a; also see the Supplemental Appendix).

The hydration thermodynamics of such oil drops may be obtained from a two-step process:
First, a purely repulsive sphere (empty cavity) is created in water, and then attractive oil-water
interactions are introduced by filling the sphere with a uniform distribution of methyl groups of
density ρ to obtain results such as those shown in Figure 5b (48) (also see the Supplemental
Appendix). Note that the oil-drop hydration free energies �G are positive (hydrophobic) when
ρ is small and become negative (hydrophilic) when ρ is large, while at intermediate ρ values �G
crosses over from the hydrophobic (�G > 0) to hydrophilic (�G < 0) regime with increasing Rs

(see Figure 5d,e).
Figure 6 shows a global contour plot of the oil-drop hydration free energies as a function of oil-

drop size Rs and methyl group density ρ to reveal the hydrophobic and hydrophilic domains. The
points in Figure 6 represent the experimental hydration free energies of alkanes whose effective
Rs and ρ values are self-consistently matched to oil-drop predictions (36, 41). The fact that these
points track the �G = 0 curve, makes it clear, once again, that the hydration free energies of
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Oil-drop hydration free energies �G, obtained using classical (OPLS-UA/TIP4P) simulations (48), depend
on both the radius (Rs ) and the methyl group density (ρ) of the oil drop. Numbers on the contour lines are
�G values in kJ/mol units. The sign of �G indicates whether the oil drop is hydrophobic (�G > 0) or
hydrophilic (�G < 0). Points represent oil drops whose hydration thermodynamics are similar to those of
n-alkanes with 8–22 carbons (36, 41). The two contours on either side of the n-alkane points pertain to
�G = 10 and 20 kJ/ mol. Longer chain n-alkanes are predicted to have �G values of similar magnitude, and
extrapolations to longer chain lengths imply that �G = 0 at an alkane chain length of approximately n-C100
(corresponding to Rs ≈ 0.9 ± 0.1 nm) (36).

alkane molecules reside very near the hydrophobic-hydrophilic boundary (as also evidenced by
the results in Figure 2). In the next section, we discuss how the underlying delicate balance of
repulsive (−TSUV ) and attractive (EUV ) oil-water interactions profoundly influences the water-
mediated interactions between oily molecules.

The above oil-drop hydration free energy results were obtained assuming that repulsive and
attractive hydration free energies are decoupled, as is the case for small oily molecules and oil drops
(14, 23, 37, 54). However, for large oil drops, a relatively small amount of free energy coupling is
expected to result from the influence of oil-water attractive interactions on hydration-shell water
structure (48, 78). This and other approximations employed in calculating TSUV and EUV are not
expected to significantly alter the oil-drop hydration free energy predictions shown in Figures 5, 6,
and 8 (also see the Supplemental Appendix).

3. WATER-MEDIATED HYDROPHOBIC INTERACTIONS

3.1. Overview of Theoretical and Experimental Results

Purely repulsive (hard-sphere) solutes, approximately the size of CH4, are driven to aggregate by
a water-mediated (entropic depletion) interaction with a contact free energy of w(rc ) = �w(rc ) ≈
−4 kJ/mol (24). However, two CH4 molecules dissolved in water are predicted to have a shallower
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contact free energy of w(rc ) ≈ −2.5 kJ/mol, over half of which is due to the direct attraction
between CH4 molecules, and so �w(rc ) ≈ −1 kJ/mol for CH4 in water (1). Thus, methane-
water attraction is evidently responsible for the substantial decrease in �w(rc ) (by a factor of
∼4). These results imply that oil-water attraction decreases �w, as it stabilizes the hydration
shell around each oil molecule and thus disfavors direct oil-oil contacts. However, accurately
predicting w(r) and �w(r) remains a significant challenge, as attested by disparities between mean
force potential predictions obtained using various classical and quantum mechanical modeling
strategies and systems (79–87). For example, whereas classical MD simulations of CH4 in water
predict �w(rc ) ≈ −1 kJ/mol (79, 80), ab initio quantum calculations predict a much larger value of
�w(rc ) ≈ −14 kJ/mol (85). Although these results appear to indicate that hydrophobic interactions
are strongly influenced by quantum effects, the classical predictions are more consistent with
various sources of experimental evidence (described below).

Ben-Naim (88) has suggested a beautifully simple and powerful experimentally based means of
quantifying water-mediated hydrophobic interactions by, for example, comparing the hydration
free energies of methane and ethane, or para- and ortho-xylene (Figure 7a). He used this procedure
to determine that bringing two methyl groups to a separation equal to a covalent CC bond distance
of 0.154 nm is associated with a large attractive water-mediated free energy, �w ≈ −10 kJ/mol
(88). On the other hand, a significantly smaller water-mediated free energy, �w ≈ −1.3kJ/mol
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Figure 7
(a) Interaction energy of methane (CH4) molecules (or methyl groups) in the gas phase ( purple curves), obtained using classical
(TraPPE) potentials (92), compared with Ben-Naim’s experimentally derived water-mediated interaction energy of two methyl groups
in ethane (89) and in ortho-xylene (90) ( gray dots). The lower gray dot was obtained from the difference between the experimental
hydration �G of ethane and two methane molecules (89); the upper gray dot was obtained from the difference between the
experimental hydration �G of ortho- and para-xylene (90). The calculated water-mediated interaction free energy of two CH4
molecules ( gray curve and plus signs) was obtained using classical (OPLS-UA/TI4P-2005) simulations (79,80). (b) Water-mediated
contact free energy obtained from classical (AMBER/TIP3P) simulations ( filled dots) of various nonpolar solutes (from CH4 to
adamantane, C10H16) (83) and experimental values (open dots) obtained from measurements of aqueous methanol and tert-butyl alcohol
using Raman–multivariate curve resolution and femtosecond-infrared anisotropy (101). The colors of the points indicate whether the
water-mediated contact free energy �w is attractive (red ) or repulsive (blue). Abbreviation: MD, molecular dynamics.
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(90), is associated with moving the para-methyl groups of xylene to the ortho position (at a separation
of 0.294nm). Such experimentally derived results, as well as those obtained by Wu & Prausnitz
(91) using Ben-Naim’s strategy (88–90), confirm that water-mediated hydrophobic interactions
are strongly dependent on the separation between the contacting methyl groups, in qualitative
agreement with MD simulations of the water-mediated interaction �w(r) between CH4 molecules
(Figure 7a) (79, 80).

Methyl groups of ortho-xylene are significantly closer together than the van der Waals en-
ergy minimum for two methyl groups (at r ≈ 0.42 nm) (Figure 7a) (92). Extrapolation of the
experimental points in Figure 7a to a value of r ≈ 0.42 nm suggests that the water-mediated
interaction between two methyl groups in van der Waals contact should be positive (repulsive),
thus implying that water opposes rather than drives the formation of such methyl-methyl van der
Waals contacts. The differences between the experimental and classical MD results in Figure 7a
may in part reflect differences between the attraction of water to a CH4 molecule and a methyl
(CH3) group. This conclusion is supported by the good agreement between experimental and
classical MD simulation results for the hydration energy of methane and ethane (39, 93) (see
Figure 2c) as well as by more recent classical MD simulation results performed using updated
water-water (TIP4P-2005) (94), oil-oil (TraPPE) (92, 95), and oil-water (TIP4P-2005/TraPPE)
(93) interaction potentials, which accurately reproduce the experimental hydration free energy
difference between para- and ortho-xylene (H. S. Ashbaugh, private communication).

Further evidence regarding water-mediated hydrophobic interactions is provided, for exam-
ple, by numerous experimental studies of aqueous tert-butyl alcohol (TBA), including neutron
scattering (96, 97), light scattering (98, 99), nuclear magnetic resonance (100), and vibrational
spectroscopic (101–104) measurements, all indicating that there is little aggregation of TBA be-
low ∼1 M. Moreover, a recent comparison of aqueous TBA experimental (Raman–multivariate
curve resolution and femtosecond-infrared anisotropy) results with random mixing predictions has
revealed that the number of free (nonaggregated) TBA molecules is comparable to that expected
in a random mixture, and thus is too small to compete with random thermal energy fluctuations
(RT ≈ 2.4 kJ/mol) (101). More quantitatively, these results imply that the mean force potential
between TBA molecules in water may be very slightly attractive, with an average contact free
energy of w(rc ) ≈ −0.6 ± 2 kJ/mol (101). The fact that this contact free energy is smaller than
the estimated direct (average) contact energy of the nonpolar groups of TBA, u(rc ) ≈ −2.6 kJ/mol
(see the Supplemental Appendix), implies a positive TBA water-mediated contact free energy
of �w(rc ) ≈ 2 ± 2 kJ/mol (Figure 7b). A similarly obtained estimate of �w(rc ) ≈ 1.2 ± 2 is found
for methanol contacts in water, given that w(rc ) ≈ +0.4 ± 2 (1, 101) and u(rc ) ≈ −0.8 kJ/mol
(Figure 7b) (see also the Supplemental Appendix). The positive sign of these experimentally
derived contact values of �w (like the extrapolation of the Ben-Naim points in Figure 7a to van
der Waals contact separations) imply that water-mediated interactions drive hydrophobic groups
apart rather than push them together (1).

The above results suggest that water-mediated contact free energies between pairs of small
oily groups are typically repulsive. However, the total mean force potential w(r) between oily
groups may nevertheless have an attractive well depth, as w(r) is equal to the sum of a negative
direct interaction, u(r), and a positive water-mediated interaction, �w(r). Moreover, the self-
assembly of micelles (105–107), as well as hydrophobic host-guest complexes (25–31), implies that
the associated attractive potential of mean force has a contact well depth that exceeds thermal
energy fluctuations. However, the magnitude (and even the sign) of �w for such processes, and
particularly its dependence on the size of the oily molecules, has yet to be definitively determined.
The results described in Section 3.2 lead to the rather surprising conclusion that water-mediated
interactions become increasingly repulsive as the size of the interacting oily groups increase.
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Water-mediated free energy of droplet coalescence reactions, in which N separate spherical drops of radius
Rs and methyl group number density ρ combine to form a single spherical drop, obtained using classical
(OPLS-UA/TIP4P) simulations (48). Shown are the resulting hydration free energies of the reactant (dashed
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column) or N = 10 (left column) oil drops with methyl group densities of either ρ = 50 nm−3 (top row) or
ρ = 150 nm−3 (bottom row).

However, the attractive direct interaction between the oily groups (which also increases with size)
may win the tug-of-water to produce a slightly attractive total potential of mean force.

3.2. The Influence of Solute Size and Attractions

Oil-drop hydration results (such as those shown in Figures 5 and 6) offer some clues regarding
the expected size dependence of water-mediated interactions. More specifically, these results may
be used to predict water-mediated contributions to oil-drop coalescence reactions, in which N
oil drops of radius Rs combine to form a larger oil drop of radius Rs N1/3. Figure 8 shows the
hydration free energies of the reactant and product oil drops as well as the resultant water-mediated
coalescence free energy, plotted as a function of the reactant oil-drop radius Rs .

The results shown in Figure 8a,b reveal that the water-mediated interactions between moder-
ately hydrophobic (weakly attractive) oil drops invariably favor oil-drop coalescence (aggregation),
with a free energy driving force that increases with oil-drop size. Note that these water-mediated
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coalescence free energies do not include the direct interaction between the oil molecules (which
would further favor aggregation). On the other hand, the results shown in Figure 8c,d, which
pertain to oil drops with a somewhat stronger (van der Waals) attraction to water, have a more
interesting dependence on oil-drop size, as �w changes sign with increasing Rs (in a way that
depends on both N and ρ). This rather counterintuitive behavior implies that water-mediated
interactions drive small oil drops to aggregate (�w < 0) but favor the breakup of large oil drops
(�w > 0).

The results shown in Figure 7b, which pertain to the aggregation of nearly spherical hydrocar-
bon molecules (rather than idealized oil drops), imply that the attraction-induced crossover behav-
ior seen in Figure 8 may be quite general (1, 83, 84, 108, 109). More specifically, the classical MD
simulation results shown in Figure 7b predict that the water-mediated free energy associated with
bringing two hydrocarbon molecules into contact with each other is negative (attractive) for CH4

and other nearly spherical molecules as large as neopentane (C5H12) but becomes positive (repul-
sive) for larger molecules such as adamantane (C10H26) (83). This conclusion is also consistent with
classical MD results obtained for larger carbon clusters including buckminsterfullerene C60 (83,
84, 108, 109). In other words, such predictions imply that the water-mediated interaction between
small oily molecules is attractive, thus favoring hydrophobic aggregation, but becomes repulsive
for larger oily molecules, thus driving them apart (1). However, the MD predictions (Figure 7b)
are invariably somewhat smaller (more attractive) than the corresponding experimentally derived
results (see Section 3.1) (1, 101). It remains unclear if this discrepancy reflects inaccuracies of the
classical MD potentials or is due to the fact that the experimental points pertain to water-mediated
hydrophobic interactions between alcohols whereas the MD results pertain to alkanes. The former
explanation may be more likely, as recent comparisons of classical MD predictions and experimen-
tal (Raman–multivariate curve resolution and femtosecond-infrared anisotropy), both pertaining
to aqueous TBA, indicate that simulation results obtained using classical (OPLS-AA/TIP4P) po-
tential functions predict slightly more aggregation than observed experimentally (101).

3.3. Second Virial Coefficients in Water and the Gas Phase

An additional source of both theoretical and experimental evidence pertaining to water-mediated
hydrophobic interactions may be obtained from second virial coefficients, B2, which quantify
nonideal contributions to the pressure, or osmotic pressure, of gases and solutions. For example, a
hard-sphere gas has a positive B2 that is equivalent to the excluded volume due to pairwise contacts.
By contrast, attractive interactions lead to a volume decrease and thus contribute negatively to B2

(110, 111). More specifically, in the gas phase B2 = − 1
2

∫
[e−βu(r) − 1]4πr2dr , whereas in water

B2 = − 1
2

∫
[e−βw(r) − 1]4πr2dr (both pertaining to the infinitely dilute solute limit). Note that the

latter expression for the osmotic B2 may also be used to obtain the gas phase B2, as w(r) = u(r) in
the absence of a solvent.

Osmotic second virial coefficients are notoriously difficult to calculate because they are sensitive
to subtle long-range correlations, related to the oscillations in �w(r) shown in Figure 7a (which
are amplified by the r2 weighting of the B2 integrand). Nevertheless various procedures have been
developed to deal with the numerical difficulties associated with obtaining B2 predictions from
MD simulations (24, 79, 80, 112). The results, such as those shown in Figure 9, again confirm the
critical role of solute-water attractions in damping hydrophobic interactions and even in changing
their sign.

The results shown in Figure 9a indicate that the water-mediated contribution to B2 is predicted
to be repulsive (B2 > 0) at ambient (and lower) temperature but to become attractive (B2 < 0)
at high temperatures (1, 80). Hard spheres (of comparable size to CH4) are predicted to have
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adapted from Reference 79 with permission. Copyright 2015 American Chemical Society.

substantially more attractive B2 values but a similar temperature dependence (24). The B2 of Xe
in water has also been predicted to decrease (become more negative) with increasing temperature
(51). This temperature dependence is quite remarkable, as it is opposite to that in the gas phase,
where B2 is invariably negative at low temperatures, owing to the long-range intermolecular
attractive interactions, and increases with increasing temperature, eventually becoming positive
as a result of short-range repulsive-core interactions (111, 113).

Figure 9b shows classical MD predictions of the temperature and pressure dependence of the
osmotic B2 of CH4, revealing that CH4 aggregation is favored (B2 < 0) at both high pressures
and temperatures but disfavored (B2 > 0) at lower, near ambient temperatures and pressures.
The prediction that B2 > 0 for CH4 at ambient (and lower) temperatures is consistent with the
expectation that the hydration shell of CH4 is most stable in this regime. The latter conclusion
is also consistent with the low temperature formation of clathrate hydrates composed of CH4

(or other small and relatively nonpolar molecules) completely surrounded by an H-bonded cage
of water molecules (114–118) as well as with spectroscopic results revealing that the number of
broken H-bonds (free OH groups) in hydrophobic hydration shells decreases with decreasing
temperature (53, 119, 120). Moreover, as pointed out long ago by Clark et al. (121), comparisons
of the gas phase and osmotic second virial coefficients of alkanes and alcohols imply that the water-
mediated contributions to B2 are positive (as the gas-phase B2 values of alkanes are more negative
than the osmotic B2 values of the alcohols with the same aliphatic groups) (19, 121). Similarly,
the osmotic B2 of other nonpolar and amphiphilic solutes increases (becomes less negative) with
increasing temperature (19, 122) as well as with increasing solute size (19, 121, 123). Thus, it is
hard to avoid the conclusion that water-mediated interactions between oily molecules become
more repulsive with decreasing temperature and increasing solute size.

However, as a cautionary tale and illustration of the difficulties associated with accurately
measuring or predicting B2, recent MD simulations obtained an osmotic second virial coefficient
of B2 ≈ −40.9 cm3/mol for propane in water, whereas two different equation of state based
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predictions yielded B2 values that are more than 10 times larger in magnitude (124). Although
such huge discrepancies have yet to be explained, they may perhaps be influenced by the fact that the
simulations were performed on an aqueous solution with a propane mole fraction of χ = 6×10−3,
which is 200 times the experimental equilibrium solubility (χ = 2.7 × 10−5) of propane in water
at 298 K, thus raising the possibility that these and other B2 simulation results may be influenced
by the metastability of the simulated systems (124). Alternatively, the above discrepancies may
be linked to errors associated with the analytical mixture equation of state extrapolations. More
generally, errors in the apparent value of B2 may arise either from the presence of long-range
two-body correlations or from the influence of higher-order multibody correlations (of either
short or long range) that remain non-negligible at the concentration under which simulations (or
experimental measurements) are performed.

4. DISCUSSION AND OUTLOOK

The delicate balance of repulsive (entropic) and attractive (energetic) oil-water interactions situates
oily molecules near a hydropathic precipice, along which water-mediated interactions do not
far exceed thermal energy fluctuations—this fortunate situation makes hydrophobic interactions
useful in the self-assembly of organisms and devices that must possess both structural integrity
and dynamic reactivity. The attractive water-mediated interaction �w between purely repulsive
hydrophobic (hard-sphere) solutes is strongly damped by the introduction of oil-water attractive
interactions. Although open questions remain regarding the precise dependence of �w on solute
size and shape, mounting evidence suggests that the total potential of mean force w = u + �w

between contacting oily molecules is slightly attractive, with a magnitude that exceeds thermal
energy fluctuations only when a sufficiently large amount of water-exposed hydrophobic surface
area is buried upon binding. For example, analysis of a wide range of both biological and synthetic
host-guest binding processes indicates that the corresponding binding free energy �G = �w =
−RT lnK A exceeds thermal energy (�G < −RT ) only when more than ∼ 0.8 ± 0.3 nm2 of
solvent-exposed surface area is buried upon binding (27). Although the latter surface area threshold
is significantly larger than the value of ∼0.023 nm2 inferred from classical MD simulations of
small-molecule hydrophobic contacts (125), it is in better agreement with the rough estimate of
∼1 nm2 inferred from recent spectroscopic measurements of alcohol aggregation processes (1,
101). Further simulations performed using recently developed theoretical strategies (82, 112, 126,
127) and potential functions (92, 93, 95) may hold the key to resolving the remaining discrepancies
between experimental and MD results.

Hydrophobic hydration and interaction processes are often found to display substantial
enthalpy-entropy compensation. This must be due, at least in part, to the exact compensation
of solvent-reorganization interactions associated with solute-induced changes in the number and
strength of water-water H-bonds. The strong temperature dependence of this compensating
water-reorganization enthalpy is evidently responsible for the characteristically large hydration
heat capacities of oily molecules (44). However, the energy and entropy arising from direct oil-
water interactions (which need not compensate) also happen to be almost perfectly compensating,
owing to the apparently accidental near equality of cavity formation (TSUV ) and oil-water van der
Waals (EUV ) contributions to alkane hydration free energies (�G).

Much has been made of the enthalpic (“nonclassical”) hydrophobic effect exhibited by some
host-guest binding processes, which appear to be enthalpically rather than entropically dominated
(29, 30, 128–130). This behavior has been attributed to the release of weakly H-bonded water
molecules into the more strongly H-bonded bulk (26, 130, 131). Similar arguments have been
invoked to explain the striking correlation between hydrophobic host-guest binding free energies
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and the release of “high-energy” water molecules (129, 132) as well as to explain the repulsive
water-mediated interactions between larger nonpolar molecules such as C60 (83, 109). However,
such arguments have not taken into account the compensation of water-reorganization enthalpy
and entropy (required by Equations 2–4). This exact compensation is linked to the fact that the
partial molar free energies (chemical potential) of all water molecules in any equilibrium solu-
tion are all necessarily the same, which requires that there be no free energy difference between
a water molecule in a host cavity (or a hydrophobic hydration shell) and the surrounding bulk
water molecules (133). Although the enthalpy and entropy of hydrophobic hydration-shell (or
cavity-bound) waters may differ greatly from bulk water, their free energies cannot. Therefore,
the associated enthalpy and entropy differences must exactly compensate. Thus, the free energy
driving force for host-guest binding and hydrophobic aggregation cannot be attributed free en-
ergy differences between interfacial and bulk water, but rather it must be explained in terms of
aggregation-induced changes in the direct interactions between water and the oily molecules.

As first suspected by Kauzmann (17), subsequently demonstrated by Stillinger (21), and sig-
nificantly elaborated upon by Lum and coworkers (22), hydrophobicity is expected to depend
critically on the size (or curvature) of an oily molecule (or interface). The resulting hydrophobic
crossover phenomena has been observed in MD simulations (11, 20, 33, 134, 135), and similar
crossover behavior has been observed in recent single-molecule polymer-unfolding (136–138) and
hydration-shell spectroscopic measurements (53, 139). The present review highlights another sort
of hydrophobic crossover—one induced by oil-water attractive interactions (76, 86, 140, 141). As
a result, water-mediated interactions between large oily molecules are predicted to be repulsive,
not only for model oil-drop coalescence processes (48) (as shown in Figure 8), but also for nearly
spherical hydrocarbons (83) and alcohols (1, 101) (as shown in Figure 7b) as well as for host-guest
binding processes (142). Moreover, recent studies of the aggregation of aqueous alcohols (101)
suggest that water-mediated interactions between oily molecules may be somewhat more repulsive
than predicted by classical MD simulations (as shown, for example, in Figure 7b) (1).

In addition to the above issues, open questions remain regarding the influence of cooperativity
on hydrophobic interactions (85, 117, 143–150), where cooperativity is defined as the difference
between �w(τ ) for the aggregation of a collection of N oily molecules and the sum of the water-
mediated interactions between each pair of molecules in the aggregate. In general, such multibody
water-mediated interactions may be either cooperative or anticooperative, depending on whether
�w(τ ) of the aggregate is greater or less than the sum of the corresponding pairwise water-
mediated interactions. For example, the oil-drop coalescence predictions shown in Figure 8 imply
significant anticooperativity, as �w for the coalescence of N = 10 oil drops is invariably much
smaller than 1

2 N (N − 1) = 45 times �w for the coalescence of N = 2 oil drops (of the same size
and methyl group density), where 1

2 N (N − 1) is the number of unique pairs in a collection of N
identical objects. Simulations of various other hydrophobic aggregation processes have uncovered
both cooperative and anticooperative behavior, depending on the shapes and arrangements of
the aggregating solute molecules (145, 146), as well as temperature and concentration (149). It
remains to be determined if micelle formation and other biologically important self-assembly
processes, such as the formation of cell membranes, vesicles, and virus capsids, are cooperative
or anticooperative in the above sense, as anticooperative processes may nevertheless be strongly
driven to aggregate (as exemplified by the oil-drop coalescence results shown in Figure 8).
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