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Abstract

This review focuses on papers published since 2000 on the topic of the
properties of solutes in water. More specifically, it evaluates the state of the
art of our understanding of the complex relationship between the shape of
a hydrophobe and the hydrophobic effect. To highlight this, we present
a selection of references covering both empirical and molecular dynamics
studies of small (molecular-scale) solutes. These include empirical studies
of small molecules, synthetic hosts, crystalline monolayers, and proteins,
as well as in silico investigations of entities such as idealized hard and soft
spheres, small solutes, hydrophobic plates, artificial concavity, molecular
hosts, carbon nanotubes and spheres, and proteins.
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EXORDIUM

Water is found in many parts of the universe, but planet Earth truly is a water world. All four spheres
consist to some extent of water: The hydrosphere, biosphere, atmosphere, and lithosphere all
contain (respectively decreasing) proportions of water. This review pertains to the hydrosphere and
biosphere. More specifically, it concerns the complex relationship between hydrophobic solutes
and the solvent of life (1), for understanding how solute shape and functionality control solvation,
and how this solvation folds into measurable spectroscopic and thermodynamic changes, is key to
understanding our world.

The ubiquity of water is reflected in a massive literature; consequently, boundaries must be
set for any review. First, although there is a continuum between a hydrophobe and a hard ion,
and cases in which the hydrophobic effect (HE) and the Hofmeister effect (2-4) meet (5, 6), we
avoid the latter where possible. Second, this review focuses on the molecular-scale HE (7) and
mostly avoids the microscale (8). Third, temperature and pressure can have a considerable effect
on the HE (9), but with only a few exceptions, this review concerns ambient conditions. Fourth,
biomembranes are not discussed (10). Finally, the bulk of this review concerns work performed
since 2000.

The structure of this review follows the broad types of curvature as defined by mathematics:
positive curvature (convex), zero curvature (flat surface), and negative curvature (concave). Histor-
ically, because of the shape of small molecules, positive curvature has received the most attention;
correspondingly, our picture of its solvation is relatively strong. Overall, there is less known about
the solvation of flat surfaces or negative curvature, but the past decade or so has seen this gap
begin to close.

A Word About Water

Water is a small, highly polar molecule (1.85 D, ¢ =78), a strong hydrogen bond (HB) donor
(¢ = 1.17), and a reasonable HB acceptor (B = 0.47) (11; see the sidebar, The a- and S-Scales).
Consequently, bulk liquid water is relatively structured. There is general consensus that a bulk
water molecule forms on average 3.5 HBs (12) with a lifetime on the order of 1-20 ps. Although
there is strong evidence that water forms (isolated) energy minimum clusters (13, 14), the extent
of such clusters in the bulk is unclear. Indeed, probing water on the subfemtosecond timescale
indicates only two strong HBs between water molecules, suggesting that chains and rings are more
dominant than cages (15, 16). This ambiguity means that the vague but descriptive term flickering
clusters (17) is often used to describe water.

A simple way to view water solvation is to consider the six different permutations of dangling
HBs (those O—H bonds that point at a solute rather than hydrogen bond to water) that can exist

THE «- AND B-SCALES

The a- and B-scales were developed by Kamlet et al. to respectively measure the hydrogen-bond donor acidities
and acceptor basicities of common organic solvents using solvatochromic probe molecules. The a-scale quantifies
the hydrogen-bond donor acidities of solvents with a fixed reference point of & = 1.00 for methanol, a strong
hydrogen-bond donor solvent. Similarly, the B-scale, quantifying the hydrogen-bond acceptor basicities, using g =
1.00 for hexamethyl-phosphoric triamide, a strong hydrogen bond acceptor solvent. Values less than the reference
point correspond to a weakened donating or accepting capacity and vice versa. Therefore, water represents a stronger
hydrogen-bond donor than methanol but a weaker hydrogen-bond acceptor than hexamethylphosphoric triamide.
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Figure 1

Idealized representations of the solvation of the surfaces discussed in this review: (#) a small convex solute,
(&) a large convex molecule, (c) a flat surface, (d) a slightly concave surface, (¢) a highly concave surface, and
(f) a fully encapsulating surface (front hemisphere removed for visualization). For each of the six cases, one
water molecule is shown along with the idealized number of hydrogen bonds (HBs) to donor (D) or acceptor
(A) water molecules in the solvation shell or bulk. For each case, the corresponding number of dangling HBs

is shown in the black box.

(Figure 1). Thus, there is a shift from no dangling HBs, in the case of bulk water and small solutes,
to four dangling HBs, in the case of a totally isolated water molecule. Undoubtedly, one of the
keys to unraveling the HE is to be able to correlate these changes in the water HB pattern to

corresponding spectroscopic and thermodynamic data.

Notes on the Hydrophobic Effect
As Ben-Amotz (18) pointed out in a companion review, our common notion that the HE is a
powerful driver of binding and assembly in water is frequently misrepresented. Thus, there is
building evidence that interactions between nonpolar molecules in the gas phase are stronger than
the corresponding interactions in water (19), and like any solvent, the solvation shell of water
impedes other supramolecular interactions; it is just that water is not very good at this impeding.
Thus, it may be best to view the HE as pertaining to comparisons between water and other
solvents. Additionally, there is evidence that the HE only becomes significant when ~1 nm? of
the exposed surface area of the hydrophobic solute is buried in an assembly or complex (19).
These points noted, the hydration of small convex, hydrophobic solutes is generally enthalpi-
cally favorable (20). Thus, the dissolution of methane in water (AG® = 25.5 k] mol~!) is promoted
by enthalpy (AH®° = —13.8 k] mol~!) but has a large entropic penalty (—TAS® = 39.3 k] mol ™).
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Such entropic penalties were observed by Frank & Evans (21), and their interpretation of this
phenomenon was that structured water, or “microscopic iceberg[s]” formed around hydrophobes.
Some time later, Kauzmann (22) applied this concept to protein folding, and in combination, these
two papers were largely responsible for the persisting textbook picture of the HE. This textbook
description has proven to be too simplistic a viewpoint (23, 24). Indeed, a review by Blokzijl &
Engberts (25) concluded that there is actually no good reason to suppose that the iceberg model
is true, and there is some evidence that it is not. That stated, recent evidence highlighted here
indicates that the jury is still out on the matter of icebergs around solutes.

Alternatives to this iceberg model have been proposed. For example, an entropic penalty might
reflect the inability of the HB network of water to accommodate an apolar solute (25). Alternatively,
this entropic penalty may be due to the small molecular volume of water (26-30). Consequently,
the frequency of observing a cavity of sufficient volume to accommodate a large solute is low. In
short, the most honest statement about the HE is that we are far from fully understanding it.

POSITIVE CURVATURE

The key characteristic of positive curvature is that solvation is size dependent. As first suggested
by Stillinger (31), the surfaces of small solutes are wetted (i.e., the first solvation layer of water is
mostly in direct contact with the solute), whereas large solutes are dewetted (i.e., their solvation
shell is slightly remote from the surface). Although there is now good consensus that this is indeed
the case, there is still disagreement about how this phenomenon is affected by the properties of
the solute.

The only molecular-scale theory that successfully describes many of the structural and ther-
modynamic properties of infinitely dilute solutions of small, apolar solutes was devised by Pratt
& Chandler (32, 33). This model gave accurate thermodynamic properties for aqueous solutions
of apolar solutes and successfully predicted the AG® of transfer of n-alkanes from a hydrocar-
bon solvent to water. However, this model could not account for observations from larger solute
systems. The first model that could successfully bridge the molecular scales and macroscales and
account for size-dependent wetting/dewetting was described by Lum et al. (34). To summarize,
in the case of small solutes, hydrogen bonding between water molecules is hindered yet persists
near the surface. The result is a hydration layer denser than the bulk with roughly the same num-
ber but different patterns of HBs. In these cases, the AG® of solvation scales with solute volume.
However, solutes >10 A in diameter cannot be accommodated by even a distorted HB network;
consequently, hydrogen bonding is sterically depleted. The result is a reduction in the cohesive
forces and a concomitant dewetting of the surface (20, 35, 36). In such cases, the AG® of solvation
is dominated by interfacial free energetics and scales with the surface area. Dewetting is reduced
as van der Waals forces between the solute and water are increased; however, there is a negligible
corresponding effect on the wetting of small solutes.

Because large solutes cannot be accommodated within the HB network of water, HBs can dangle
over the solute (Figure 1). This accounts for the scale dependence of the thermodynamics. As the
breaking of HBs is dominated by enthalpy, but the spatial arrangement of HBs is dominated by
entropy, itis the latter that dominates in the solvation of a small solute. Yet the entropy of solvating
a large solute is favorable. Therefore, there exists not only a wetting/dewetting transition, but also
an entropy crossover transition (or entropy-enthalpy crossover). These two types of solvation
are fundamental to the assembly of hydrophobic solutes; the equilibrium is dominated by the
difference between the entropically dominated solvation of the small solute and the enthalpically
dominated solvation of the larger assembly (20).
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Small Solutes

A combination of neutron diffraction and hydrogen/deuterium isotope substitution in the study of
the formation and decomposition of methane clathrate suggests that the HE is not caused by the
release of structured water (37, 38); there are no significant differences in the water structure before,
during, or upon clathrate formation or after decomposition. Additionally, ab initio molecular
dynamics (MD) simulations of krypton in liquid water concurred with X-ray absorption fine-
structure (XAFS) on krypton solution and were found to be significantly different from XAFS
results for the radial hydration structure of krypton clathrate (39).

Assembly of Small Solutes

The osmotic second virial coefficient (B;) offers a direct means to probe the HE, but there is
a discrepancy between B, measurements and Pratt & Chandler’s model. One explanation for
this discrepancy is that Pratt & Chandler’s theory relies on hard spheres rather than polarizable
solutes. However, the former are intrinsically difficult to model in MD packages. As a step toward
bridging this gap, Pratt and colleagues (40) adapted simulation data to Pratt & Chandler’s atomic-
scale hard-core models. The results show surprisingly strong attractive and endothermic, atomic-
scale hydrophobic interactions between hard-sphere solutes and constitute an initial step toward
a molecular theory that accounts for attractive solute-water interactions.

Scheraga and colleagues (41) examined the potential of mean force for the assembly of dimers
and trimers of methane. By analyzing the packing and orientation of the solvation shell, they
determined that the AG® of association depended mostly on the difference in the number of
water molecules in the first solvation shell of the cluster compared to the monomers. Additionally,
they noted that during assembly, unfavorable electrostatic interactions develop between water
molecules in different regions of the solvation shell. These interactions make an anticooperative
contribution to the potential of mean force. Thus, changes in the pattern of water interactions
within the solvation shell make significant contributions to even straightforward assemblies.

Ashbaugh & Paulaitis (42) demonstrated that close-packed methane clusters and analogous
hard spheres have quite different hydration AG® values. Clusters of 1-305 methanes showed no
evidence of dewetting, but with hard-sphere analogs, there was a decrease in the water density as
the radius increased from 3.25 to 16.45 A. With small methane clusters, a slight decrease in the
water density with increasing size was attributed to the greater surface roughness of the smaller
assemblies.

The Crossover from Small to Large Solutes

Because of the low solubility of hydrocarbons in water, verification of a crossover is hard to
confirm experimentally. However, relatively recent evidence of dewetting has been obtained by
high-energy X-ray reflectivity measurements of the interface between water and octadecylsilane
monolayers (35, 36). Furthermore, evidence of a thermodynamic crossover has been obtained
from single-molecule force spectroscopic studies of hydrophobic polymers (43, 44).

Huang etal. (45) examined crossover in more detail using hard spheres. Following Lum et al.’s
(34) model, the computed solvation AG® crossover occurred at ~5-10 A. Furthermore, when weak
solute-solvent attractions were introduced, accurate predictions of the alkane-water interfacial
tension were obtained (46). In the absence of these attractions, the water interface was found to be
more than one solvent molecular diameter away from the surface, but in their presence, wetting
increased. For typical alkane-water interactions, there is still a dewetting (decrease in water density)
adjacent to large hydrophobes, but the water interface is in contact with the surface of the solute.

www.annualreviews.org o Molecular Shape and the Hydrophobic Effect



However, within a temperature relevant to protein folding/unfolding, these attractive interactions
were of little consequence to the temperature dependence of the AG® of solvation. Parenthetically,
MD simulations showed that increases in pressure and the addition of salt or ethanol resulted in
a decrease in the solute’s crossover radius to subnanometer dimensions (47).

The Garde group (48) examined the solvation of methane and spherical single and multisite C60
and C180 fullerenes. By examining water-solute interactions, from purely repulsive to attractive,
they determined that the water structure around larger solutes is more sensitive to the strength
of the solute-water attractions than that of smaller solutes. Probing this further by separating the
solute-water potential of mean force into solute-water and water-water interactions revealed thatas
the former was increased, the latter became increasingly unfavorable. This competitive expulsion
phenomenon captures the idea that the hydration shell opposes the introduction of a test water
molecule to replace one already present, and this was shown to be primarily enthalpic in origin.
Mittal & Hummer (49) carried out a similar study. An analysis of the radial distribution function
of water around different solutes confirmed that the water density at contact gradually decreased
with increasing solute size and that there was no evidence of surface wetting at a diameter of 20 A
or larger. These studies also examined the population and fluctuations in the water occupancy
within the solute-water interface; for repulsive solutes, as the radius increased, the variance in
the density fluctuation increased to four times the bulk. Moreover, probing the dynamics of the
interfacial density fluctuations revealed a slow relaxation process attributed to transitions between
locally wet and dry states, a process that slowed with increasing solute size.

There is an empirical correlation between the AG® of solvation of a molecule and the surface
tension of its solution that allows the latter to be used to probe the thermodynamics of solvation.
To bridge the difference between the molecular and macroscopic scales, researchers have had to
introduce a curvature correction to surface tension measurements, a correction that must itself
be temperature dependent to account for the fact that the entropies of hydrating small and large
nonpolar molecules are negative and positive, respectively. Ashbaugh (50) derived an expression
predicting the solute size at which the solvation entropy is zero based on surface tension values, its
first-order curvature correction, and their temperature dependencies. For hard spheres at room
temperature, the estimated diameter was 16 A.

Also examining crossover, the Berne group (51) determined the radial and orientational distri-
bution functions of water around argon, methane, and neopentane. Their results showed that only
neopentane (with a diameter of 5.2 A) displayed an orientational distribution of water molecules
in the first hydration shell, suggesting dewetting and the presence of dangling OH bonds. The
authors also determined the potential of mean force between two neopentane molecules, ascer-
taining that there were two energy minima: (#) the dimer and (b) the solvent separated dimer
slightly higher in energy.

The Levy group (52) studied the solution thermodynamics of a series of linear, branched, and
cyclic alkanes. Their results support the idea that the classical HE has its roots in the small size of
water molecules rather than icebergs. They also found that their favorable hydration enthalpies
arise from attractive solute-solvent dispersion interactions and by small water reorganization ener-
gies. Additionally, by separating solvation into cavitation and alkane solvation, they determined a
complete thermodynamic description of the solvation of the corresponding cavity for each alkane.
Their results suggest that the work of cavity formation is split roughly equally between unfavorable
entropic and solvent reorganization energy effects.

The Ben-Amotz group (53) used Raman multivariate curve resolution (Raman-MCR) and
simulations to quantify the extent of dangling HBs around hydrophobic groups. For a series of al-
cohols, they found a high-frequency OH band attributed to dangling OH bonds. Additionally, MD
simulations of the vibrational spectra of water molecules in the hydration shell of neopentane and
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benzene revealed high-frequency OH features that closely resemble the experimentally observed
dangling OH vibrational bands around (sufficiently soluble) neopentyl and benzyl alcohol. In the
latter, the red shift was similar to that previously observed in benzene-water clusters. Expanding
on this, the same group examined a series of different guests (54). Their results were consistent
with the idea that on average a hydrophobic moiety induces less than one dangling bond and that
on average alcohol molecules possessed more dangling HBs than alkyl ammonium molecules. Ad-
ditionally, dangling HBs were stabilized (destabilized) by negatively (positively) charged groups.
"This study also revealed that both proximal and distal hydrocarbon groups were important to the
probability of forming a dangling HB and that they were entropically stabilized.

Both the sign and the magnitude of AG® for the association of the alkyl groups of pairs of
alcohol molecules remain unknown. To address this, researchers combined Raman-MCR and
polarization-resolved femtosecond infrared (IR) experiments with random mixing and MD sim-
ulations (55). The conclusion of these studies was that from methanol to tertiary butyl alcohol,
there is no association driven by the HE.

Raman-MCR has also been used to probe the hydration of linear alcohol (56), carboxylic
acid and tetraalkylammonium (57). These results showed that at low temperatures the hydration
shells of each class have an enhanced water structure with greater tetrahedral order than the
bulk, but for alcohol molecules longer than 10 A, this structure disappeared as the temperature
increased. Additionally, at high pH, the onset of the hydration-shell structural transformation
was suppressed by the carboxylate. Tetraalkylammonium cations were found to more strongly
suppress this transformation.

Although short-chain alkanes are primarily in an extended conformation in water, there is still
controversy about the extent of folding/hydrophobic collapse of longer chains. Simulations prob-
ing the properties of z-alkanes have found an approximately exponential decrease in solubility up
to n-eicosane (Cy0Hyy), in excellent agreement with empirical data up to #-dodecane (Ci;Hyq)
(58). Analysis of the AG® landscape of the alkanes revealed similarities between conformational
preferences in the ideal gas and solution phases, suggesting that water does not heavily influence
conformation; the authors found no evidence for hydrophobic collapse of z-alkane chains shorter
than n-eicosane. However, water did increase the barriers between the minimal AG® conforma-
tions corresponding to compacted and extended chain conformations, and decreased the stability
of the latter.

A recent paper examined the possibility of a hydrophobic to hydrophilic crossover for the
hydration of sufficiently long n-alkane chains (59). The authors combined previously obtained
thermodynamic data, simulations, and fundamental thermodynamic relations to determine the
intermolecular contributions to AG®° and concluded that the hydrophobic to hydrophilic crossover
would be in the region of hectane (C;oHap,).

A combination of femtosecond two-dimensional (2D)-IR spectroscopy and femtosecond
polarization-resolved vibrational pump-probe spectroscopy has revealed a correlated slowing
down of both the vibrational frequency dynamics and orientational mobility of the water molecules
around nonpolar groups (60). For different concentrations of four small solutes, the fraction of
slower water scaled with the number of methyl groups. Furthermore, the obtained results suggest
that a common effect of hydrophobic moieties on solvating water is to restrict the formation of

bifurcated HBs.

The Effects of Charge

Pascal et al. (61) examined the effects of introducing positive charge into spherical solutes. The
intrinsic solute was given helium-like parameters and ranged in diameter from 0 to 30 A. As
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expected, when the neutral solute increased in diameter, the solvation AG° became more repulsive.
By examining the incremental addition of positive charge, the authors observed a gradual shift
in the solvation AG® to hydrophilic and attractive. The crossover was at 0.4¢. Interestingly, with
this charge, the solvation AG® was approximately zero over all diameters. Breaking down the
solvation AG® of these solutes revealed that in all cases solvation was dominated by enthalpy
and was entropically penalized. The enthalpy became more negative as the size increased, which
was compensated by an increasing entropic penalty. Thus, unlike hydrophobic solutes, the 0.4¢
charged species show no entropy-enthalpy crossover.

The Bakker group (5) studied the dynamics of solvating water molecules around tetra-n-
alkylammonium bromides using polarization-resolved femtosecond IR spectroscopy to reveal that
both ions slow the orientational dynamics. In the case of the ammonium ion, they found that the
number of retarded water molecules scaled with the chain length. For the bromide ion, the solva-
tion shell experienced a partial decay of its orientation via rapid wobbling and a subsequent slower
decay. The former was found to be cation dependent. For the smallest salt, Me4NBr, the slow re-
orientation time was concentration independent, but with longer chains, it increased dramatically
with concentration, suggesting aggregation. In complementary work, dielectric relaxation spec-
troscopy was used to study the dynamics of water molecules around tetramethylurea (60). These
authors found that the reorientation dynamics of solvating water molecules around the methyl
groups to be 3—10 times slower than the bulk; as the concentration increased, the dynamics slowed.
Their results also demonstrated that with increasing temperature, the fraction of water contained
in this hydrophobic hydration shell decreased.

The Ben-Amotz group (62) used Raman-MCR spectroscopy to quantify the interactions be-
tween the trimethyl domains of four solutes and the ions Nat, F~, and I". Their results suggest
that Na®™ and F~ are strongly expelled from the first hydration shells of the solute, and I~ en-
tered the hydrophobic hydration shell to an extent controlled by the partial charge on the methyl
groups. However, the estimated association constants for the binding of I~ suggested that its con-
centration in the first hydrophobic hydration shell was lower than the bulk. Contrasting this are
results from recent studies utilizing more circumambient pockets of concave hosts. Thus, both
host-guest complexation studies (6, 63, 64) and extensive X-ray crystallography work on the bind-
ing site of carbonic anhydrase (65) have unequivocally demonstrated that relatively hydrophobic
anions associate with hydrophobic pockets.

ZERO CURVATURE

Because it is hard to control the dimerization of flat molecules, the study of these and the HE is
dominated by computational work. Nevertheless, in addition to more established approaches such
as X-ray reflectivity, newer techniques such as vibrational sum frequency generation spectroscopy
and Raman-MCR have recently been applied to their study.

The Aqueous—Flat Surface Interface

Jensen et al. (66) experimentally confirmed the behavior of water at a hydrophobic surface. Using
X-ray reflectivity measurements and MD simulations, they observed that there was significant
dewetting of the surface of a crystalline monolayer of #-C;sH74 that created a narrow vacuum
layer 1.0 A wide. This is smaller than that predicted for hard spheres using Lum et al.’s (34) model
but is larger than that predicted in models including attractive solute-water interactions (67).
The Garde group (68) noted dewetting and dangling HBs in simulations of the water-octane
interface. Additionally, the water coordination number and extent of hydrogen bonding between
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interfacial water molecules decreased moving from the bulk to the surface. Correspondingly, the
models suggest an increasing probability of void formation closer to the surface. The same group
has also shown that both the probability of cavity formation next to a surface and the AG® of
binding of a hydrophobic solute correlate with macroscopic wetting (69).

Malaspina et al. (70) probed the solvation of a rigid, planar graphene-like surface. They observe
that within 8-10 A of the surface, water dynamics slow relative to the bulk because of increased
structure. This ordering was observed to be independent of temperature over the range 240-
320 K. Building on this, a comparison between flat and concave graphitic surfaces revealed no
evidence of dangling HBs (71).

Continuing with aromatic surfaces, the Ben-Amotz group (72) explored dangling HBs (OH-7t
bonds) between benzene and water using Raman-MCR. In combination with computational
studies, their results revealed that the OH—mt bond is ~20% weaker and more flexible than bulk
HBs. Furthermore, their results suggest that dangling HBs are more entropically favored but less
enthalpically favored than water-water HBs.

The Chandler group (73) probed the mean water density and density fluctuations around
plates to reveal the expected dewetting. Additionally, they determined that near both repulsive
and attractive hydrophobic surfaces, density fluctuations were larger than the bulk and akin to
those at the water-vapor interface. Both these factors contribute to a destabilization of the water
structure between surfaces and a driving force for dimerization.

Studies of hydrophilic and hydrophobic self-assembled monolayers have revealed that the
hydration thermodynamics of hydrophobes at the former have a typical entropy-enthalpy crossover
(74). In contrast, near hydrophobic surfaces, effective surface tension ruled, and hydration was
enthalpically dominated and size independent. This work also revealed that small solutes bind to
these surfaces entropically and increasingly more favorably with increasing temperature, whereas
large solutes bind enthalpically in a temperature-independent manner. Furthermore, the driving
force for hydrophobe assembly close to a hydrophobic surface was shown to be weaker than in
the bulk and decreased with increasing temperature.

Vibrational generation spectroscopy demonstrated that D, O near a hydrophobic surface has
enhanced orientation, structure, and stronger HB interactions relative to the D,O/air interface.
The results were consistent with dangling HBs and water dipoles perpendicular to the surface
(75), with an orientation preference that decreased with increasing temperature.

Willard & Chandler (76) compared the air-water and hydrophobe-water interfaces. Using a
local instantaneous water interface as a dynamic frame of reference rather than a fixed Cartesian
plane, the authors were able to define an intrinsic interface. The study revealed that the strength of
attractive water-hydrophobic surface interactions had no significant effect on the intrinsic interface
and had only a small effect on the mean density profile of water from the hydrophobic surface
out to the bulk. In contrast, however, attractive interactions significantly affected the entropically
driven capillary wave fluctuations of the instantaneous liquid interface.

Between Two Plates

The Berne group (77) modeled the solvation of two ellipsoid plates as a function of their size,
separation, and the strength of the attraction between them and water. They found that the critical
distance for hydrophobic collapse was linearly proportional to the interfacial area. Additionally,
when the two plates were held at the critical distance, an initially dry zone between them remained
dry, but when initially wet, the space remained wet. There was no hysteresis when the plates
were held at a distance less that the critical distance; irrespective of the starting state, drying
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resulted. Hydrophobic collapse of the plates occurred only after an initial bubble nucleation and
a subsequent cooperative large-scale drying fluctuation.

Electron density profiles and X-ray reflectivity data have revealed weak dewetting (wetting)
between two hydrophobic (hydrophilic) surfaces (78). In both cases, the characteristic water orien-
tation was observed, with longer-range ordering observed in the case of the hydrophilic surfaces.
Additionally, the dynamic properties of water between the two pairs of surfaces were different
from each other and the bulk. In particular, at the hydrophobic surface, water molecules had
characteristic diffusive behavior and orientational ordering due to the lack of interactions with
the surface; observations suggesting that altered water dynamics, together with partial drying, are
stronger signatures of the HE than structural ordering.

Phase transitions of water between two plates have been examined by Koga (79) and Giovam-
battista et al. (80). Koga observed two distinct phase transitions at separations of 9.4 A and 8.2 A:
a liquid-to-bilayer amorphous solid phase transition and bilayer amorphous solid-to-liquid phase
transition. The models predicted very few dangling HBs, with a bilayer structure composed of
five- to eight-membered water rings. Giovambattista et al. (80) found water to take one of two
forms, monolayer ice or bilayer (either amorphous or crystalline), depending on the pressure and
plate separation. For hydrophobic surfaces, decreased pressure induced capillary evaporation,
whereas increasing pressure pushed water closer to the surface and increased its order. However,
the average orientation was not affected.

The Berne group (81) examined the properties of two hydrophobic plates as a function of salts
of various charge densities and interplate separation. In pure water, both enthalpy and entropy
promoted dimerization. Consistent with Hofmeister studies, high-charge-density ions formed
strongly hydrated complexes independent from the hydrophobic plates that increased the hy-
drophobic interaction between the charged plates via an entropic effect. In contrast, low-charge-
density ions exhibited an entropic- or enthalpic-based weakening of the HE by adsorbing to the
hydrophobic plates and causing a salting-in effect. The effect of 7-M urea upon a hydrophobic
polymer, a particle-based hydrophobic surface, and graphene has also been examined (82). Con-
sistent among these simulations was that the association of urea to all surfaces caused a decrease in
their hydrophobicity and a diminished potential of mean force. These effects were enthalpically
dominated.

The Berne group (83) also studied plates composed of both hydrophobic and hydrophilic re-
gions. Their studies revealed the expected relationship between the degree of hydrophobicity
and the presence or absence of a dewetting transition and the presence of attractive or repul-
sive interactions between plates. More interestingly, with these metrics, an analysis of five plate
pairs containing equal amounts of hydrophobic and hydrophilic groups arranged in different
patterns revealed qualitative and quantitative differences between each. For example, if all the
hydrophobic areas on the plate were grouped in the center, dewetting between the plates read-
ily occurred, whereas, if the same number of hydrophobic groups were spaced out evenly on
the surface, no dewetting was observed. In pairing a purely hydrophilic and a purely hydropho-
bic plate, the latter dominated wetting/dewetting. In related work, the affinity of a hydrophobic
probe to a pair of hydrophobic plates was examined as a function of plate charge density (84).
Residency between the plates was observed to decrease linearly as the square of the magnitude
of charge density of the plates, with the probe being attracted between the plates at ¢ < 0.37
(61).

Sharma & Debenedetti (85) found that paired 1 x 1 nm? surfaces were too small to accommo-
date a stable vapor cavity except at distances of <9 A, whereas, for all distances examined, paired
3 x 3 nm? surfaces exhibited gap-spanning tubular cavity formation. The associated barriers cor-
responded to the formation of a critically sized cavity for the latter and to complete emptying of
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the gap region for the former. Calculated A G° barriers varied approximately linearly with gap size,
with 1-A increases leading to rate drops of approximately two orders of magnitude. The authors
also examined the evaporation rate of the confined water (86). For the smaller plate examined,
the time necessary for nucleation of a surface-induced evaporation event showed an increase of
10 orders of magnitude from 9- to 14-A separation, whereas the larger plates showed an increase
of 6 orders of magnitude in this rate between 11 and 13 A. The evaporation rate per unit area was
also dependent on the plate size.

The Berne group (87) studied the kinetics of assembling two plates as a function of their
hydrophobicity. Their models revealed that surfaces with high friction have large and slow water
density fluctuations between the plates. Solvent confinement and drying played a critical role
in the kinetics. The authors also found reasonable agreement between the calculated MD and
Brownian dynamics. Furthermore, they observed that molecular-scale hydrodynamic interactions
were essential in describing the kinetics of assembly.

Ashbaugh (88) carried out 2D Lennard-Jones solvent Monte Carlo simulations between plates.
The results validated continuum thermodynamic theory and explored interfacially driven and
pressure-moderated evaporation. These linked the scale of simulation to the experimental realm.
There was strong quantitative correlation between theory and simulation for interplate forces and
critical evaporation lengths.

Using transmission electron microscopy, Algara-Siller et al. (15) imaged water between
graphene sheets. In contrast to tetrahedal bulk water, the water between the graphene had a
square-ice structure, in which the hydrogen-bonding angle within and between layers was 90°.
This lattice had a high packing density. MD simulations supported this picture. Nearest-neighbor
measurements of oxygen-oxygen distances were in agreement for the plates that accommodated
water monolayers, but for the bi- and trilayer cases, the water molecules were found to have a
tetrahedral structure. This was attributed to the simulations not accounting for adhesion between
the sheets imposing pressure on the water.

Aqueous-Protein Interfaces

Following pioneering work by Cheng & Rossky (89), the Berne group (90) studied the hydropho-
bic collapse of two dimeric melittins to form the corresponding tetramer. The fastest hydrophobic
collapse was observed when the dimers were separated by a critical distance of 5.5-7.0 A. Inter-
estingly, when isoleucine-2 was mutated to valine, alanine, or glycine, no dewetting was observed.
Similar results involving a different point mutation have also been observed (91).

Work by Giovambattista et al. (92) also focused on the dimerization of melittin dimers. In this
instance, instead of using the natural cupped surface of a (truncated) melittin, the authors obtained
a much smoother surface by flattening and also removing the surrounding charged groups. The
mutant surface was less hydrophobic than the wild type, with desolvation only observed with a
separation that sterically only permitted a single water layer. Furthermore, capillary dewetting
occurred at lower pressures and separations than in the case of idealized hydrophobic flat surfaces
and was localized to a narrow central region between the dimers. When an amino acid residue in
this central region was mutated to a polar residue, cavitation was no longer observed.

The collapse of the two domains of the BphC enzyme has been studied (93). For separations
>4 A, both wetted or dewetted initial states ultimately led to a wet state with a water density
10-15% lower than in the bulk. At a separation of 4 A, only partial dewetting was seen unless
the electrostatic, or the electrostatic and van der Waals, forces were turned off. Switching off just
Coulombic forces led to rapid and almost complete dewetting, whereas switching off both forces
led to a more rapid and complete dewetting. In related work with BphC, the Garde group (91)
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also noted a permanently wetted interdomain space even at 4 A separations. Similarly, turning off
the charges on each protein resulted in dewetting of the interprotein space.

The Berne group (94) also examined the water dynamics in the interdomain space of the two
BphC domains. With the two surfaces held apart by 12 A, the shortest transit time for water
molecules was for those near the channel center, and the longest transit time was for those at
a domain surface. Even the fastest water molecules were ~30% slower than the bulk. A 4-A
gap showed slower water transitions, whereas a 20-A gap exhibited bulk-like water molecules. In
general, the HB lifetimes for water molecules near one of the domain surfaces were approximately
three times longer than those near the channel center. Interestingly, by this metric, one surface
alone only affected water molecules to a depth of 4-5 A, but two surfaces held 20 A apart had a
similar effect to a depth of 8 A.

The Bakker group (95) carried out vibrational sum frequency generation spectroscopic analysis
of water molecules around antifreeze protein AFP-III at or above 0°C. Even above freezing, the
investigators obtained strong evidence of ice-like water molecules at the flat, hydrophobic ice-
binding site of the protein. A point mutation of threonine-18 residue to asparagine eliminated
this structure and led to complete inactivity of the antifreeze protein. These results support a
preordering-binding mechanism for the recognition of ice.

NEGATIVE CURVATURE

Negative curvature possesses circumambient properties; it can envelope, isolate, and simulta-
neously form multiple noncovalent interactions with whatever resides within. If water molecules
lie there, then the cluster will possess multiple dangling HBs.

Complexation to negative curvature is commonly enthalpically driven. Ross & Subramanian
(96) first noted this for proteins, and tabulation of thermodynamic data for guest binding to
cyclodextrins (Figure 2, molecule @) confirms that ~99% are exothermic (and that 75% of these
are entropically penalized) (97). In 1967, Bender and colleagues (98, p. 3252) suggested that the
binding of guests to cyclodextrin was because “water molecules in the cavity cannot form their full
complement of HBs as a result of steric restrictions.” Consequently, when a guest is bound and
the water molecules liberated, there is a release of enthalpy. Recent evidence supports this idea
of (high-energy) water molecules with dangling HBs dominating the solvation and complexation
properties of concavity (99).

Synthetic Hosts

Figure 2 shows representative examples of water-soluble hosts of current interest in aqueous
supramolecular chemistry (99-105). These range from the very open to the truly concave. The
diverse cyclophane class of host (106), including the recently synthesized pillar[z]arenes (molecule
@® in Figure 2; » = 5-10; 107, 108), is open in nature, possesses bound water molecules with
little in the way of dangling HBs, and correspondingly binds guests relatively weakly. That stated,
the growing class of artificial water channels (109) includes pillar[5]arenes that have proven to
form water wires and act as transmembrane channels for protons (110) and as transmembrane
water channels (111).

Cyclodextrins (molecule @ in Figure 2) are toroidal hosts composed of 6, 7, or 8 amylose units
(x-, B-, or y-cyclodextrin, respectively) (101). These are more circumambient than cyclophanes,
but the presence of hydroxy groups at both portals means that bound water molecules form
relatively few dangling HBs and are not exceptionally high in energy (99).

Hillyer o Gibb



Figure 2

Structural representations of the host molecules discussed in the text: (@) cyclodextrin, (@) pillar[z]arenes,
(©) cucurbiturils, (@) calix[4]arenes, (@) resorcinarenes, and (@) deep-cavity cavitands.

Cucurbiturils (CBs; molecule @ in Figure 2) are bis-methylene linked oligomers of 5, 6, 7,
8, or 10 glycolurils (112-114). Their pockets comprise a hydrophobic region with two portals
rimmed by imide carbonyls. In general, guest complexations are strongly enthalpically promoted.
By Biedermann et al.’s (99) measure of high-energy water, the host with the most hydrophobic
binding site is CB7; it contains on average 7.9 water molecules, each with an average 2.52 HBs.
The resulting large number of dangling HBs is suspected to contribute to the general ability of
CB7 to strongly bind guests (115). Interestingly, CB8 can bind two guests. The inclusion of the
first restricts hydrogen bonding between any residual water molecules; therefore, the subsequent
binding is strongly exothermic (99).

Calix[4]arenes (molecule @ in Figure 2; 7 = 4) and resorcinarenes (molecule @ in Figure 2;
n = 4) are truly concave but very shallow (116). With open binding sites and proximal phenols,
their hydrophobic surface is not effectively screened from the bulk. Unsurprisingly, only modest
1:1 complexations are observed. Resorcinarene-based, deep-cavity cavitands (molecule @ in
Figure 2; 7 = 4) possess truly hydrophobic pockets (100). Host molecule @ has been shown to
bind an average of 4.34 water molecules (117). The base of the cavity is occupied by a singular
water molecule, which accepts an average of 1.33 HBs; water molecules in a middle layer have
on average 2.65 HBs, and those in the uppermost layer at the portal have on average 3.33 HBs.
These bound water molecules have higher energy than the bulk, and the deeper a water resides,
the higher its energy and the more it derives stabilization from (dangling) host-water HBs rather
than water-water HBs. Calculated translational diffusion constants revealed that bound water
molecules possessed lower diffusion constants than the bulk, and the deeper the water molecule
was located, the more it was constrained. The opposite was observed with rotational diffusion
constants. Overall, the thermodynamics for hydration of the pocket were AGlyg ~ —5 keal mol~!,
AHyyq ~ —20 keal mol~!, and —TASpyq ~ 15 keal mol~!.
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In Silico Carbon Nanotubes

The bores of carbon nanotubes (CN'Ts) of ~8-A diameter are solvated by a water wire (118, 119).
These water molecules have only two relatively long-lived HBs and are less densely packed than
the bulk. With many dangling HBs, only very small reductions of the van der Waals attraction
between water and the tube are sufficient to induce emptying (118). A combination of hydrogen
bonding and dipole-dipole interactions within the wire engenders rapid proton transfer via a
Grotthuss relay mechanism (119).

Water flows through CNTs in bursts and is limited only by the barriers of entry and egress;
the tube itself is essentially frictionless, and the flow rate is nearly independent of its length
(120). Counterintuitively, as the diameter increases, transport rates decrease because of increased
hydrogen bonding between water molecules (121).

It has been shown that changing the diameter of the CN'T induces phase transitions in water
packing (122, 123). Thus, under ambient conditions, water within 8-A CNTs is gas-like, whereas
with 11- and 12-A diameter CNTSs, the water is ice-like and stacks into layers of pentagons or
hexagons (124, 125). For even larger diameters (e.g., 20-30 A), bound water molecules form
multiple nanoclusters (123). It is thus not surprising that there is a nonmonotonic relationship
between diameter and relative Helmholtz free energy of filling (124); diameters of 8 and 12 A
represent energy minima. Overall entropy dominates slightly for tube diameters less than 10 A or
greater than 16 A, and enthalpy dominates for tubes between 11 and 12 A. With the exception of
11- and 12-A nanotubes, confinement within the CN'T's leads to an increase in the translational
entropy of bound water. We note that ice structures are commonly observed in CNT's at lower
temperatures (126) and elevated pressures (127). Indeed, simulations of the thermodynamic states
over the diameter-temperature plane reveal at least nine different ice phases (122), including
stacked squares, pentagons, hexagons, and heptagons. Pentagonal and hexagonal packed water is
ferroelectric (128). Interestingly, stacked octagonal water has only been observed in a coaxial-like
system in which small hydrophobes form a wire running down the central axis of stacked water
rings (129).

In Silico Hosts

In early work examining the properties of a hydrophobic pocket of 8-A radius cut into a paraffin
slab, Setney & Geller (130) observed that the average water density within the cavity was depleted
relative to the bulk and that the pocket fluctuates between empty and filled states. Overall, the
AG® values accompanying these fluctuations were small, suggesting that the selected radius is close
to a critical size for promoting transitions between gas-like and liquid-like phases. In comparing
5-A and 8-A radii concavities to a corresponding flat surface, Setny (131, 132) observed vapor-like
regions of significantly reduced water density in both pockets, with the smaller pocket possessing a
substantial desolvation barrier to probe binding, whereas entry into the 8-A cavity was essentially
barrierless. Contrary to the idea of high-energy water molecules dominating complexation, for
both concavities, dewetting was only a marginal contributor to the AG® of probe binding. Rather,
the observed AG® values were related to the hydration shell of the probe.

Building on this, Baron etal. (133) estimated AG°, AH®, and —TAS° along the concavity-guest
binding trajectory as a function of the charge (neutral, 4, or —) of the hostand guest. They observed
a broad range of thermodynamic signatures in which water enthalpic or entropic contributions
drove cavity-guest binding or rejection. Thus, the binding of a neutral methane-like guest to a
neutral host was driven by enthalpy and was entropically penalized, with the roots of the former
pinpointed to the formation of strong water-water interactions when bound water molecules
moved into the bulk. Furthermore, their data implied that, because of solvent fluctuations in the
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pocket, bound water was more entropically favored than the bulk. Overall, in this work, it was high-
energy bound water molecules with dangling HBs that drove complexation (133, 134). Further
simulations revealed that the reorientation kinetics of the water molecules around a methane-like
guestincreased as the host-guest distance was decreased and that this was correlated with a decrease
in the number of HBs between water molecules in the guest solvation shell (135). Moreover, the
authors calculated changesin the 1D and 2D IR spectra during complexation, suggesting a strategic
route to correlating water structure changes and signature vibrational spectra differences. Most
recently, water’s role in ligand binding kinetics has been investigated (136). The empty pocket of
the host exhibited solvated-desolvated oscillations whose magnitude and timescale were modulated
by the approaching guest. Furthermore, these fluctuations led to a friction-induced kinetic barrier
to guest entry to the pocket.

Vaitheeswaran et al. (137) used Monte Carlo simulations to study the thermodynamic stability
of water clusters inside smooth graphene-like spherical cavities and the fullerenes Cj49 and Cysp.
Depending on the container size, they observed thermodynamically stable water clusters composed
of three to nine water molecules. The smallest stable water cluster in a spherical cavity of 1.0-nm
diameter was a trimer held together by three HBs. With a slightly smaller diameter of 0.9 nm,
a thermodynamically unstable dimer was observed. Overall, the clusters observed were strikingly
similar to gas-phase water clusters (13, 14).

Proteins

Berne and colleagues (138) examined three disparate binding sites: that of streptavidin, Cox-2,
and the antibody DB3. The binding site of streptavidin has a hydrophobic floor and roof yet
possesses five coplanar hydrogen-bonding groups in its walls. In the case of Cox-2, its binding
site is long, tubular, and hydrophobic. The pocket of DB3 has a less pronounced hydrophobic
enclosure. Simulations of streptavidin revealed hydration by five water molecules that form a
persistent ring, an entropically costly water structure that, in conjunction with little corresponding
enthalpic gain, may contribute up to five orders of magnitude to ligand affinity. In a less extreme
example, the binding site of DB3 was found to be occupied by one water molecule. Similar to
those in streptavidin, this water molecule has very few energetically accessible configurations that
contribute to an entropic penalty of hydration. In contrast, the binding site of Cox-2 was found
to be devoid of water molecules 80% of the time; no energetically stable solvent configurations
appeared to exist. Thus, Cox-2 is an example of a protein solvated by high-energy water molecules
with dangling HBs. This unusual drying transition in Cox-2 was investigated further by the
Berne and Friesner groups (139) to identify structural features important to drying. Screening the
Protein Data Bank using two metrics of pocket hydrophobicity and one of narrowness identified
12 proteins. Except for three proteins for which it was found that water could not exchange with
the bulk, whether the remaining examples underwent a drying transition was excellently correlated
with a drying parameter, which was the product of the atom-based surface hydrophobicity and a
measure of the narrowness of the cavity. Thus, pockets that are relatively hydrophobic and narrow
possessed drying transitions, whereas the others did not.

Water wires have been shown to form in 5.2-A diameter hydrophobic channels formed by the
assembly of pentapeptides into hexameric assemblies (140). Interestingly, X-ray crystallographic
analysis revealed two kinds of water wires characterized by different oxygen-oxygen distances. In
both cases, the data suggested very weak interactions between the water and tube. Furthermore,
reinterpretation (140) of the solid-state structure of stacked, cyclic peptides composed of
alternating D- and L-residues (141) also suggests that this family of peptides can template water
wires.
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The pocket in a protein need not be either entirely wet or dry. Using the WaterMap program
(Schrodinger), Wang et al. (142) examined the hydration properties of the binding sites of three
proteins to identify wet and dry regions within their respective pockets. The authors showed that
calculated affinities were excellent in cases in which a bound ligand only occupied space previously
filled with water, but poor when a bound ligand displaced some or none of the water molecules.
However, once the water free noncovalent contacts between ligand and protein in these dry
regions were taken into account, the calculated affinities of congeneric ligands correlated with
observed affinities.

Consideration of the enthalpic and entropic costs of transferring a single water molecule from
the bulk to a binding site suggests that the AG® of transfer is relatively small (143, 144). Olano
& Rick (145) calculated the AG® of transfer of a water from the bulk to an interior cavity of
bovine pancreatic trypsin inhibitor (BPTI) and in the I76A mutant of barnase. Previous X-ray
crystallography revealed the BPTT binding site to be occupied by water but gave ambiguous data
concerning the barnase mutant. The former is polar and allows the formation of up to four water-
protein HBs, whereas the latter is more hydrophobic and (potentially) allows only one HB. The
calculations predicted that only the polar BPTT cavity would be hydrated, that the corresponding
transfer entropies for BPTT are significantly entropically unfavorable, and that the transfer to the
cavity of the barnase mutant is entropically favorable.

The major domain of tetrabrachion consists of a right-handed four-helix bundle that defines a
channel containing four cavities. Although the channel/cavities are lined with aliphatic residues,
X-ray crystallography revealed that all are filled with water: 1, 2, 5, and 9 water molecules from
the smallest to largest cavity, respectively. Remarkably, recent MD simulations have revealed
that at 25°C and 92°C, the largest of these cavities was filled with clusters of seven to nine water
molecules, respectively (146). Furthermore, filling of the cavity was found to be enthalpically driven
and opposed by entropy. Only at 110°C did the calculations suggest cluster instability and drying.

The Homans groups (147) studied ligand binding to mouse major urinary protein (MUP) using
a variety of techniques. Calculations revealed that the pockets of the wild type and mutant con-
tained 3.74 and 4.07 water molecules, respectively, and that in accord with X-ray crystallography,
the water density in the pocket was low. In the case of binding of 2-methoxy-3-isobutylpyrazine
(IPMP), isothermal titration calorimetry (ITC) revealed that association was driven by favorable
enthalpic contributions, even when the only ligand-protein HB was removed by mutagenesis.
Furthermore, a combination of solvent isotopic substitution I'TC and MD simulations suggested
that neither solvation nor induced fit changes were major contributors to the overall binding en-
thalpy. Considering the poor solvation of the pocket, the binding thermodynamics were attributed
to favorable dispersion interactions arising from the inequality of solvent-solute interactions before
and after complexation. A related study of the binding of linear alcohols to MUP also supported
this hypothesis (148). The Homans group (149) also examined the contribution of the entropic
costs of the desolvation of IPMP and found that the overall entropic penalty arose because the
favorable entropic contribution from guest desolvation did not overcome the entropic penalty
due to reduced degrees of freedom. I'TC studies of the MUP-z-alcohol complexes also revealed
that although binding was exothermic and entropically penalized, the corresponding heat capacity
change was typical of the HE (i.e., negative) (150).

CONCLUSIONS

The theoretical transition from a small convex solute, to a larger one, to a flat surface, through
increasingly concave surfaces, and finally to full encapsulation (Figure 1) reveals the following
trends. For positively curved hydrophobes, there is an entropy-enthalpy crossover as a function
of diameter. This crossover correlates with both a wetting/dewetting transition and a switch from
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the water molecules of solvation being fully hydrogen bonded in the case of small solutes to a
solvation shell that geometrically allows dangling HBs to point toward the solute surface in the
case of large solutes.

As may be expected, the case of a large solute and that of a flat hydrophobic surface are similar.
However, when water between two flat surfaces is considered, it is evident that the two surfaces
work in synergy to affect water molecules in the intersurface zone. As a result, by the metrics of
water molecule diffusion, the number of dangling HBs, and phase transitions from wet to dry,
there is a similarity between the two-plate case and that of true concavity.

With respect to negative curvature, it is evident that the large number of dangling HBs of
bound water plays a major role in regard to the properties of a tube or pocket. Quite simply,
dangling HBs mean high-energy water molecules that would rather not be encapsulated. And the
more confining the hydrophobic binding, the more extreme is the enthalpic domination, such that
in the extreme case of total water confinement, water molecules resemble gas-phase clusters.

En masse, although there is still some disagreement, the described results point to a switch from
entropy-dominated solvation to enthalpy domination and then to increasing enthalpy domination
as a theoretical solute is morphed from a small convex entity, to a large one, to a solute that is
increasingly encapsulating. In addition, however, it is evident that the HE is profoundly affected by
all chemical and physical variables. It is therefore not surprising that we do not yet fully understand
the HE. That means, however, that there are rich pickings ahead for those immersed in water.

SUMMARY POINTS

1. The solvation of positive curvature is size dependent. Small solutes are solvated without
the breaking of HBs between water molecules. Large solutes (>10-A diameter) are not;
it is geometrically impossible to maintain full hydrogen bonding in the solvation shell.
As a result, weaker dangling HBs to the solute are formed instead. The hydration layer
of a small solute is denser (the solute is wetted) than the bulk, and the AG® of solvation
scales with the solute volume. In contrast, large solutes undergo dewetting, with a AG®
of solvation that scales with surface area.

2. Because the spatial arrangement of HBs is dominated by entropy, and the breaking of
HBs is dominated by enthalpy, entropy rules in the solvation of small positively curved
solutes, whereas enthalpy rules in the solvation of large ones. Thermodynamically, this
results in a size-dependent entropy crossover transition, or entropy-enthalpy crossover.

3. The solvation of negative curvature (concavity) means that bound water molecules cannot
form their normal complement of HBs to other water molecules. The resulting dangling
HBs increase in number as the curvature becomes more negative and reaches an extreme
of four dangling HBs in the case of a singular water molecule trapped inside a hydrophobic
sphere. Thus, increasing concavity is associated with increasing enthalpic domination.

4. Between negative and positive curvature, zero curvature possesses intermediate prop-
erties. The solvation of a singular flat plate is reminiscent of that observed with large
convex solutes, whereas the solvation of paired plates physicochemically resembles that
of tubes and pockets.

5. Much work remains to understand how subtle structural nuances such as functional group
type and patterning, as well exogenous variables such as temperature, pressure, and the
presence of salts, fold into the aforementioned solvation process to engender the HE.
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