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ABSTRACT: Hydrophobic interactions drive the binding of
nonpolar ligands to the oily pockets of proteins and supra-
molecular species in aqueous solution. As such, the wetting of host
pockets is expected to play a critical role in determining the
thermodynamics of guest binding. Here we use molecular
simulations to examine the impact of pressure on the wetting
and dewetting of the nonpolar pockets of a series of deep-cavity
cavitands in water. The portals to the cavitand pockets are
functionalized with both nonpolar (methyl) and polar (hydroxyl)
groups oriented pointing either upward or inward toward the
pocket. We find wetting of the pocket is favored by the hydroxyl
groups and dewetting is favored by the methyl groups. The
distribution of waters in the pocket is found to exhibit a two-state-like equilibrium between wet and dry states with a free energy
barrier between the two states. Moreover, we demonstrate that the pocket hydration of the cavitands can be collapsed onto a unified
adsorption isotherm by assuming the effective pressures within each cavitand pocket differ by a shift pressure that depends on the
chemical identity and number of functional groups placed about the portal. These observations support the development of a two-
state capillary evaporation model that accurately describes the equilibrium between states and naturally gives rise to the effective shift
pressures observed from simulation. This work demonstrates that the hydration of host pockets can be tuned following simple design
rules that in turn are expected to impact the thermodynamics of guest complexation.

■ INTRODUCTION
Near water vapor/liquid coexistence, idealized, purely repulsive
hydrophobic surfaces in aqueous solution are predicted to be
enshrouded within a vapor-like layer as a result of the
preferential self-hydration of water over interfacial wetting.1−6

Confining water between nonpolar mesoscale surfaces or
within nonpolar pockets is subsequently predicted to nucleate
solvent evaporation, magnifying attractive hydrophobic inter-
actions between nonpolar moieties.2,7−11 This nebulous vapor
layer, however, is suppressed by ubiquitous van der Waals
interactions that draw liquid water back into contact with the
solute surface.12 Nevertheless, water density fluctuations next
to realistic, extended hydrophobic surfaces have been shown to
be akin to those at a vapor/liquid interface,13 indicating the
neighboring solvent density alone is insufficient for quantifying
the hydrophobicity of mesoscale and larger interfaces.14

The potential relevance of hydrophobic dewetting phenom-
ena is highlighted by experimental and theoretical results
indicating that the nonpolar cavities of some proteins
spontaneously dry in water to impact their function. For
instance, crystallographic and molecular simulation studies of

the L99A mutant of T4 lysozyme provided some of the first
evidence of a drying transition within a protein’s nonpolar
cavity.15 While dry at atmospheric pressure, water was shown
to cooperatively fill lysozyme’s internal nonpolar cavity with
increasing pressure (∼1000 bar), providing a mechanism for
protein denaturation. Alternately, the conduction of sodium
across pentameric ligand-gated ion channels is regulated by
subtle iris-like conformational changes about the trans-
membrane pore.16 In the open state, the pore is fully hydrated,
but in the closed state, hydrophobic isoleucine residues
constrict the aperture and induce drying of a 15 Å long
segment of the channel. This blocks free ion passage despite
the fact the pore is still large enough to permit solvent
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egression. Similar vapor-lock gating mechanisms have been
proposed for the nicotinic acetylcholine receptor17 and
Escherichia coli’s small mechanosensitive channel.18 Finally,
NMR and molecular dynamics simulation studies have found
that the ligand-binding pocket of bovine β-lactoglobulin is
largely devoid of water under ambient conditions, with only
fleeting filling events.19 Dewetting of this hydrophobic pocket
is thereby expected to impact the kinetics and thermodynamics
of fatty acid binding to this apoprotein.
Considering the wetting of a model hemispherical nonpolar

pocket in water, Setny et al.20 demonstrate that the stability of
water in the pocket is dependent on the approach of nonpolar
ligands. When the ligand was far away, water was found to
freely fluctuate between all possible hydration states from zero
(dry) to 10 (wet) waters within the pocket with practically no
free energy differences between states. As the ligand
approached the pocket opening, the hydration free energy
landscape was found to dramatically change to a bimodal
distribution between wet and dry states with a barrier between
them. Upon ligand binding, the dry state becomes dominant.
This drying-mediated ligand binding in this model system was
shown to be dominated by a favorable enthalpy of association
resulting from gaining water−water attractive interaction upon
release from the pocket and opposed by an unfavorable
entropy of association.21,22 This observation stands in
opposition to traditional descriptions of hydrophobic inter-
actions, which associate nonpolar solute aggregation with a
strongly favorable entropy resulting from the release of
structured waters from nonpolar surfaces.23 Indeed, enthalpi-
cally driven association has been experimentally observed for
guests binding to proteins and supramolecular species in
water.24,25 Nau and co-workers26,27 have interpreted this “non-
classical hydrophobic interaction” in terms of high-energy
waters that forfeit hydrogen bonds within nonpolar pockets.
They have demonstrated a strong correlation between lost
hydrogen bonds and the binding constants between a range of
supramolecular hosts and nonpolar guests. This correlation,
however, does not account for the equilibrium between wet
and dry states observed by Setny et al.20 and theoretically
predicted for water under nonpolar confinement.
Deep-cavity cavitands are a class of water-soluble, bowl-

shaped supramolecular host species possessing a nonpolar
guest binding pocket that is approximately 8 Å deep with a
portal opening approximately 8 Å wide (Figure 1).28,29 These
concave hosts resemble the model hydrophobic pockets

considered by Setny and co-workers.20−22 Appropriately
sized nonpolar and amphipathic guests readily bind to the
cavitand pocket facilitated by hydrophobic interactions. As
such, understanding the hydration of the cavitand pocket is
expected to help elucidate the role of the solvent in driving
guest recognition and binding.30 Recently, we demonstrated
through a combination of both experiment and simulation that
the hydration of the nonpolar pocket of cavitands depends
sensitively on the functionalization of the host portal.31 In
particular, it was established that, while water wets the pocket
of the nonfunctionalized parent cavitand octa-acid (OA,
Figures 1 and 2), the pocket of tetra-endo-methyl octa-acid

(TEMOA, Figures 1 and 2), differing from OA by four methyl
groups oriented inward toward the pocket, is dry a significant
fraction of the time. Dewetting of the pocket was found to be
consistent with thermodynamic equilibrium between liquid
and vapor states driven by interfacial forces. The drying of
TEMOA was manifested in stronger binding of sodium
alkyloate guests compared to OA, favored by a dominant
enthalpy and opposed by a weaker entropy, illustrative of the
“non-classical hydrophobic interaction”. This work illustrated
that hydration of host pockets is a potential synthetic design
target for tailoring guest binding, subject to subtle changes in
the environment ringing the binding site.
Seeking to expand our prior work, we report here a

molecular dynamics simulation study of the impact of the
functionalization of deep-cavity cavitands on the hydration of
their nonpolar binding pockets. In addition to the parent,
nonfunctionalized, cavitand octa-acid (OA), we consider seven
additional cavitands with varying functionalities (Figure 1):
mono-endo-methyl octa-acid (MEMOA), 1,3-di-endo-methyl
octa-acid (DEMOA), tri-endo-methyl octa-acid (TrEMOA),
tetra-endo-methyl octa-acid (TEMOA), tetra-exo-methyl octa-
acid (TEXMOA), tetra-endo-hydroxyl octa-acid (TEHOA),
and tetra-exo-hydroxyl octa-acid (TEXHOA). The portals of
the functionalized cavitands are ringed by either nonpolar
(methyl) or polar (hydroxyl) groups that are oriented at either
inward pointing endo positions or upward pointing exo
positions relative to the host pocket (Figures 1 and 2). In

Figure 1. Chemical structures of the eight deep-cavity cavitands
simulated here.

Figure 2.Molecular snapshots of the parent cavitand, octa-acid (OA),
and an endo-functionalized, tetra-endo-methyl octa-acid, and exo-
functionalized cavitand (TEMOA), tetra-exo-hydroxyl octa acid
(TEHOA), host. The body of the parent cavitand is illustrated in
licorice format, while the functional groups are illustrated using a van
der Waals representation. The cavitands are shown from the side
showing the height of the walls of the pocket from the top and looking
down into the pocket through the portal. The 4-fold C4-axis of
rotational symmetry is denoted by the purple arrow pointing through
the side view and up from the pocket of OA.
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addition, the series OA, MEMOA, DEMOA, TrEMOA, and
TEMOA examines the impact of increasing the hydrophobicity
of the portal. While the hosts MEMOA, DEMOA, TrEMOA,
TEHOA, and TEXHOA have not been synthesized to date,
they can be examined using simulations to gain valuable
insights into pocket hydration. We analyze pocket hydration in
terms of the spatial distribution of waters about the entire host,
pocket hydration probability distributions, and the mean water
adsorption within the pocket. The thermodynamics of water
adsorption are subsequently quantified within the context of a
hydration distribution model. Finally, we construct a two-state
capillary evaporation model to gain insight into the forces
governing the extent of pocket hydration and the role of the
functional groups ringing the portal.

■ METHODS

Molecular dynamics simulations of a range of functionalized
cavitands in water were performed using GROMACS 5.1.32

Simulations were performed in the isothermal−isobarric
ensemble at 25 °C with pressures ranging from −1000 to
2500 bar (−750, −500, −250, 1, 500, 1000, 1500, 2000, and
2500 bar). The temperature and pressure were controlled
using a Nose−́Hoover thermostat33 and Parrinello−Rahman
barostat,34 respectively. Water was modeled using the TIP4P/
EW potential.35 The cavitands and their counterions were
modeled using the generalized Amber force Field.36 The
charge of each cavitand was set to be −6e to match the
protonation state at pH 7.30 The four benzoic acid groups
around the rim of the cavitand and two of the four benzoic acid
groups on the feet were deprotonated (Figure 1). The partial
charges of each atom were obtained by AM1-BCC calculations
following geometry optimization.37 Different from our
previous work which considered scaled charges in its modeling
of cavitands,31 here we assume the cavitands adopt their full
charge. This tilts hydration of the host pockets toward wet

states but does not impact the underlying physics of cavitand
wetting/dewetting. Eight distinct cavitands with varying
functional groups added about the portal to the hydrophobic
pocket were simulated (Figure 1): octa-acid (OA), mono-endo-
methyl-octa-acid (MEMOA), 1,3-di-endo-methyl-octa-acid
(DEMOA), and tri-endo-methyl-octa-acid (TrEMOA), tetra-
endo-methyl-octa-acid (TEMOA), tetra-exo-methyl-octa-acid
(TEXMOA), tetra-endo-hydroxyl-octa-acid (TEHOA), and
tetra-exo-hydroxyl-octa-acid (TEXHOA). These cavitands
exhibit varying degrees of methylation, hydroxylation, and
orientations of functional groups about the pocket portal.
Nonbonded Lennard-Jones interactions were truncated
beyond a separation of 9 Å with a mean-field dispersion
correction for longer-range contributions to the energy and
pressure. Cross Lennard-Jones interactions between unlike
species were determined using Lorentz−Berthelot combining
rules.38 Particle mesh Ewald summation with a real space
cutoff of 9 Å was applied to calculate electrostatic
interactions.39 Bond lengths involving hydrogens for the
cavitands were held fixed using the LINCS algorithm,40

while water was held rigid using SETTLE.41 In each
simulation, a single cavitand was solvated in 2000 water
molecules. Production runs were conducted for 200 ns
following an equilibration run of 5 ns. The equations of
motion were integrated using a 2 fs time step. Configurations
were saved every 1 ps for postsimulation analysis of
thermodynamic averages.
Water densities about the cavitands were determined by

assuming the hosts are effectively symmetric about their C4-
axis (Figure 2). This approximation allows us to adopt a
cylindrical coordinate system to bin water densities about the
cavitand and characterize the mean pocket hydration state.
The number of waters within a cavitand pocket, n, was

determined by constructing a hexahedron bounding the pocket
and counting the number of waters within the polyhedron. The
top face of the hexahedron was determined by constructing a

Figure 3. Average water density distribution about the hosts OA (a), TEXMOA (b), TEMOA (c), and TEHOA (d). The water density is
cylindrically averaged about the C4-axis of symmetry for each of the hosts, with r corresponding to the radial distance from the C4-axis and z
indicating the vertical rise relative to the cavitand center-of-mass. The densities follow the color key on the right-hand side of the figure.
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plane fitted through the eight diphenyl ether oxygen atoms
ringing the pocket portal, while the bottom face was
determined by the four carbon atoms to which the acid feet
are attached to the bottom of the pocket. The remaining four
faces were determined by planes passing through oxygen atoms
at the portal and carbon atoms at the bottom following the 4-
fold rotational symmetry of the cavitand (Figure 2). Hydration
state probability distribution functions were determined from
analysis of the number of waters in the pocket over saved
configurations.
Finally, we considered the impact of the number of waters

within a host pocket on its partial molar volume. The partial
molar volume of OA as a function of the pocket hydration state
was determined by taking the difference in the average
simulation volume of the cavitand with n waters in the pocket
less the average volume of a simulation box of pure water with
the same number of waters as in the cavitand mixture

= ⟨ ⟩ − ⟨ ⟩+v n V n V( ) ( ) c w w (1)

where the angled brackets (⟨...⟩) indicate simulation averages
of the system volume determined with (c + w) and without
(w) the cavitand, while the argument n indicates the number of
waters in the host pocket.

■ RESULTS AND DISCUSSION
Cavitand Pocket Hydration. The average water density

about OA, TEXMOA, TEMOA, and TEHOA is illustrated in
Figure 3. The density in these plots is cylindrically averaged
about the host C4-axis of symmetry to clearly visualize the
water distribution. The cavitands sit in the U-shaped black
outline in these plots, corresponding to the location of the
heavy atoms of the host where the water density is zero. Water
readily packs about the outside of the cavitands, as indicated by
the high-density regions (ρ > 1.2 g/cm3, denoted in blue) from
the rim of the pocket to the foot of the cavitand, forming
approximately three water shells. In the case of OA (Figure
3a), water readily enters the hydrophobic pocket and packs
against the inner walls of the host; however, there is a region of
depleted water density along the centerline of the cavitand
within the pocket where the density drops to zero. This
depletion is attributable to the van der Waals attractions
between the waters and cavitand drawing the solvent to the
inner walls of the host. One of the most significant adsorption
regions for water is the bottom of the pocket, where a large
increase in water density is observed. This adsorption site is big
enough for a single water, which enjoys hydrogen-bonding
with the four inner pointing hydrogens at the bottom of the
pocket (Figures 1 and 2). The distribution of water about
TEXMOA (Figure 3b) closely follows that of OA, with only a
slight depletion of waters near the rim of the pocket due to the
presence of the four exo-pointing methyl groups at the top of
the cavitand. More significant perturbations in the water
density are observed for TEMOA (Figure 3c). While the
packing of water on the exterior of TEMOA is comparable to
that for OA and TEXMOA, the water density along the inner
walls of TEMOA’s pocket is reduced. We do observe, however,
a slight increase in the water density at the top of the pocket,
which we believe can be attributed to favorable attractive
interactions between water and the four endo-pointing methyls.
For TEHOA, we find water rewets the cavitand pocket, as
indicated by the increase in water density along the inner walls
of this host (Figure 3d), comparable to the wetting of OA and
TEXMOA. An additional increase in water density is observed

at the top of TEHOA’s pocket (z ≈ 5 Å) supported by
hydrogen-bonding between the endo hydroxyl groups and
water that makes pocket hydration favorable. We conclude
from the analysis of water’s density that, while the distributions
of water outside of all of the cavitands are effectively the same,
the hydration of the hydrophobic pocket depends sensitively
on the rim functionalization.
The hydration of the host pocket is dynamic, with the

number of waters within the cavitand continuously fluctuating.
To capture the fluctuating nature of the pocket hydration, it is
more informative to consider the probability distribution of
hydration states. Figure 4 shows the hydration number

probability distribution for water in OA, MEMOA, DEMOA,
TrEMOA, and TEMOA at 1 and 2500 bar, illustrating the
impact of increasing the hydrophobicity of the pocket portal.
At atmospheric pressure, OA exhibits a unimodal probability
distribution (Figure 4a), with 4 waters being the most probable
hydration state. This distribution is not symmetric, as would be
expected for a normal distribution, but is skewed slightly
toward lower occupancy states. As such, while the probability
of observing 8 (= 4 + 4) waters in OA’s pocket is effectively
zero, the probability of observing an empty pocket (0 = 4 − 4)
is finite. This asymmetry is accentuated as the portal
methylation increases. While we never observe more than 8
waters in the pocket, the probability of observing an empty
pocket systematically increases from 1% for OA to 36% for
TEMOA. Moreover, increasing portal methylation changes the
distribution from unimodal for OA and MEMOA to bimodal
for DEMOA, TrEMOA, and TEMOA. The second peak of the
bimodal distributions occurs for the empty pocket, with a
minimum between the two peaks occurring at n = 1. The
position of the primary peak shifts from 4 waters for OA
through TrEMOA to 3 waters for TEMOA. While not a true

Figure 4. Hydration number probability distributions for water in the
pockets of OA and endo-methyl functionalized hosts (MEMOA,
DEMOA, TrEMOA, and TEMOA) at 25° and pressures of 1 bar (a)
and 2500 bar (b). The figure symbols are defined in the legend. Error
bars are comparable in size or smaller than the symbols.
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phase equilibrium between a liquid and vapor, the rise of the
second, low-density state with increasing endo-methylation is
reminiscent of capillary evaporation driven by decreasing pore
wettability (vide inf ra). While not shown here, the hydration
distribution for water in TEXMOA is practically indistinguish-
able from that of OA. This suggests that pointing the methyl
groups away from the pocket limits their influence on pocket
hydration.
It may be thought that the increasing methylation may

impact the shape of the pocket, thereby playing a role in the
hydration state distributions observed at atmospheric pressure.
If we increase the pressure to 2500 bar, the dry (n = 0) state is
suppressed and the distributions are unimodal (Figure 4b).
The most probable pocket hydration state at elevated pressure
is 5 waters as a result of pressure pushing more waters into the
pocket. While there are subtle differences between the
hydration distributions for all of the cavitands, the shapes of
the distributions are practically the same. This suggests no
significant role for portal functionalization on the shape and
volume of the pocket available for water adsorption.
Different from methylation, adding polar hydroxyl groups

about the portal can drive the host pocket to be more favorably
wetted. The impact of functionalizing the portal with hydroxyl
groups placed at the exo- and endo-positions at atmospheric
pressure is shown in Figure 5. While the methyl groups play

almost no role in the hydration of TEXMOA, for TEXHOA,
we find the larger occupancy states are preferentially stabilized
compared to the OA. As such, the n = 4 and 5 occupancy states
are slightly more probable for TEXHOA than OA. For
TEHOA, the shift to higher pocket occupancy states is even
more profound with n = 5 becoming the more probable
hydration state, with the distribution becoming more
symmetric.
The pocket hydration state can be manipulated by changing

the system pressure, as suggested in Figure 4. In Figure 6, we
provide a more detailed account of the pressure dependence of
the pocket hydration distribution for OA and TEMOA. While
we only observed a unimodal hydration distribution for OA
above, Figure 6a shows that a second maximum in the
distribution can be obtained by dropping the pressure to
negative values, placing the water under tension (metastable).

Specifically, as the pressure drops, the probability of observing
OA to be empty increases from 1% at 1 bar to 12% at −750
bar. The first hint of a secondary maximum for the empty
cavitand occurs at −500 bar (not shown), where the
probability of observing an empty cavitand is more probable
than observing a single water in the pocket (i.e., p(0) > p(1)).
The empty cavitand is even more probable at −750 bar.
Similar to the hydration distribution for TEMOA reported
above (Figure 4a), OA under tension exhibits another
maximum at n = 4 separated from the empty state by a
minimum (free energy barrier) at n = 1. While the empty
cavitand presumably could be further stabilized by dropping
the pressure further, the simulations became too unstable and
failed. The pressure induced stabilization of the empty cavitand
is even more prominent for TEMOA (Figure 6b), which is
empty ∼90% of the time at −750 bar. At this pressure, the
hydration probability distribution for TEMOA is a monotoni-
cally decreasing function of the occupation state and a second
maximum is not observed. Comparing OA and TEMOA, the
hydration distributions for OA correspond roughly to those for
TEMOA at a pressure 1000 bar greater. Overall, the pressure
dependencies of the hydration distributions for OA and
TEMOA are consistent with water exhibiting two-state-like
equilibria between a dewetted/empty state and wetted/filled
state.

Thermodynamics of Pocket Hydration. Rather than the
individual hydration state probabilities, an alternate way of
examining pocket hydration is to consider the average number
of waters in a cavitand pocket as a function of pressure. The
average number of waters in the pocket is determined by the
sum

∑⟨ ⟩ =
=

∞

n ip i( )
i 1 (2)

Figure 5. Hydration number probability distributions for water in the
pockets of OA and the hydroxyl functionalized hosts (TEHOA and
TEXHOA) at 25 °C and 1 bar. The figure symbols are defined in the
legend. Error bars are comparable in size or smaller than the symbols.

Figure 6. Impact of pressure on the hydration number probability
distributions for water in the pockets of OA (a) and TEMOA (b) at
25 °C. The figure symbols are defined in the legend. Error bars are
comparable in size or smaller than the symbols.
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We compare ⟨n⟩ as a function of pressure for all of the
simulated cavitands in Figure 7. Generally speaking, the mean

hydration number is an increasing function of pressure for all
of the cavitands. The hydrophobic, endo-functionalized
cavitands typically have lower occupation numbers than OA
at constant pressure, with ⟨n⟩ systematically decreasing with
increasing methylation. Conversely, TEHOA exhibits greater
pocket hydration than OA over the entire pressure range. The
impact of functionalization of the exo-position by either methyl
or hydroxl groups, on the other hand, only exerts a minor
perturbation on the pocket hydration relative to OA. For the
most hydrophobic pockets (i.e., DEMOA, TrEMOA, and
TEMOA), the water binding isotherm appears sigmoidal,
indicating water adsorption is cooperative. As the pocket
hydrophobicity decreases, however, the water binding
isotherms systematically shift to lower pressures, obscuring
the sigmoidal shape of the binding isotherms for the more
hydrophilic cavitands (e.g., TEHOA). Taken together, these
binding isotherms suggest water wets the pocket following
two-state-like behavior, as suggested by the probability
distributions described above.
We can construct an analytical expression for the adsorption

isotherm of an individual cavitand by considering the pressure
dependence of the pocket hydration free energies. Specifically,
the relative hydration free energy of a host pocket with n
waters in it is

Δ = −G n kT
p n
p

( ) ln
( )
(4)

i
k
jjjjj

y
{
zzzzz (3)

where we have chosen n = 4 as the reference state from which
we measure the free energy. While the bulk water outside the
cavitand is compressible, if we assume that the volume
difference between discrete hydration states within the pocket
is independent of pressure (i.e., ν(i) − ν(j) is fixed), the
pressure dependence of the pocket hydration free energies can
be expressed as

νΔ = Δ + − × ΔG n G n P n( ) ( ) ( 1 bar) ( )P 1 (4)

Here ΔG1(n) is the pocket hydration free energy at 1 bar
pressure and Δν(n) is the relative pocket hydration volume.

We can subsequently obtain ΔG1(n) and Δν(n) by linear
regression of the pocket free energies from simulation obtained
following eq 3 as a function of pressure. The occupation
probabilities can subsequently be recovered from eq 4
following the relationship

α= −
Δ

p n
G n
kT

( ) exp
( )Pi

k
jjjj

y
{
zzzz

(5a)

where the normalization constant α is determined as

α =
∑ −=

∞ Δ( )
1

expn
G n
kT0
( )

(5b)

Taken together, we refer to this as the hydration distribution
model (hdist).
The relative hydration free energies of OA for a number of

different hydration states (n) are plotted as a function of
pressure in Figure 8. The free energies are approximately linear

functions pressure, as described by eq 4, consistent with the
assumption that the waters in the pocket are to a first
approximation incompressible. Qualitatively similar results
were obtained for all of the cavitands. In Figures 9 and 10,
we plot ΔG1(n) and Δν(n), respectively, for OA obtained from
least-squares fitting of the hydration distribution model. As
suggested by the hydration state distributions discussed above,
ΔG1(n) for OA (Figure 9) is approximately parabolic (i.e.,
Gaussian distribution) near its minimum at n = 4. The free
energy for the dry state (n = 0), however, is significantly lower
than would be anticipated based on a quadratic polynomial.
The fitted hydration volumes (Figure 10), on the other hand,
are a decreasing function of the number of waters within the
pocket, consistent with the partial molar volume of the
cavitand decreasing as the pocket fills with water. If the
volumes of water within the pocket matched that of water in
the bulk, then we would expect Δν(n) to be given as

ν νΔ ≈ − ×n n( ) (4 ) w (6)

where νw = 18.06 cm3/mol corresponds to the molar volume of
bulk water. The bulk water approximation semiquantitatively
captures the n of the hydration volume; however, the fitted

Figure 7. Mean pocket hydration numbers for all simulated cavitand
hosts as a function of pressure at 25 °C as determined from
simulation and fits to the hydration distribution model (hdist). The
figure symbols are defined in the legend. Error bars are comparable in
size or smaller than the symbols.

Figure 8. Relative pocket hydration free energies for DEMOA for
water occupancy states of n = 0, 2, 4, 6, and 8 evaluated using eq 3 as
a function of pressure. Points indicate simulation results, and lines
indicate fits to eq 4. The figure symbols are defined in the legend.
Error bars are neglected for clarity.
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values of Δν(n) deviate from linearity (Figure 10). Specifically,
Δν(n) is concave up, with the volume of the first water that
enters the cavity, Δν(0) − Δν(1) = 25.0 cm3/mol,
considerably greater than that of the bulk, and the volume of
the seventh water that enters the cavity, Δν(6) − Δν(7) = 6.6
cm3/mol, considerably less than that of the bulk. Thus, water is
compressed as we try to squeeze more and more waters into
the pocket. We obtain excellent agreement comparing the
changes in the relative partial molar volumes of OA as a
function of the number of waters in its pocket determined
directly from simulation (eq 1) against that for the hydration
distribution model, giving us confidence that the model
accurately reflects the physical volume of the cavitand.
Interestingly, while ΔG1(n) is distinct for each of the cavitands,
the Δν(n) values for all of the cavitands are approximately
equal to one another (Figure 10, inset).

We compare the mean pocket hydration numbers obtained
from the hydration distribution model against those
determined from simulation in Figure 7. Overall, the model
does an excellent job describing the water adsorption
isotherms to the cavitand pockets, validating the assumptions
underlying the model. Moreover, the model allows us to
evaluate the hydration numbers at pressures not considered in
our simulations and more clearly observe the sigmoidal shapes
of the binding isotherms.
The differences between the binding isotherms for all of the

hosts reported in Figure 7 to a first approximation appear to be
horizontally shifted relative to one another. In addition, the
relative cavitand volumes obtained from fitting eq 4 to the
simulation results are quantitatively similar to one another
(Figure 10, inset). We therefore propose that the water
adsorption isotherms for all of the hosts can be fitted to a
unified adsorption isotherm following the functional form for
the free energy

νΔ = Δ * + + − Δ *G n G n P P n( ) ( ) ( 1 bar) ( )P 1 shift (7)

where ΔG1*(n) and Δν*(n) correspond to the universal pocket
hydration free energy and hydration volume and Pshift is a host
dependent pressure shift measured relative to OA (i.e., Pshift =
0 for OA). We refer to this as the unified distribution model
(udist). The parameters in eq 7 (i.e., ΔG1*(n), Δν*(n), and
Pshift) have subsequently been obtained by performing a
nonlinear least-squares fit to the pocket hydration free energies
of all the simulated cavitands.
The unified distribution model is compared against the

mean hydration numbers for all of the cavitands in Figure 11

collapsed onto a single adsorption isotherm using the fitted
shift pressures. Overall, the unified adsorption isotherm
achieves an excellent quantitative description of water
adsorption over the entire pressure range. The fitted results
for ΔG1*(n), Δν*(n), and Pshift are reported in Figures 9, 10,
and 12, respectively. We observe excellent agreement between
the universal results for ΔG1*(n) and Δν*(n) with ΔG1(n) and
Δν(n) for OA (Figures 9 and 10), establishing OA as an
excellent reference host to describe water adsorption. Pshift, on

Figure 9. Relative pocket hydration free energies for OA at 25 °C and
1 bar evaluated from simulation (via eq 3) and fits to the hydration
distribution (hdist, eq 4) and unified distribution (udist, eq 7)
models. The figure symbols are defined in the legend. Simulation
error bars are comparable in size or smaller than the symbols.

Figure 10. Relative pocket hydration volumes for OA at 25 °C
evaluated directly from simulation at 1 bar (eq 1) and fits to the
hydration distribution (hdist, eq 4) and unified distribution (udist, eq
7) models. We compare these results against the relative volumes one
would obtain using the bulk volume of water following eq 6. The inset
figure compares the volumes determined from eq 4 for all of the
simulated hosts against those determined from the unified distribution
model (eq 7). The figure symbols are defined in the legend.
Simulation error bars in the main figure indicate one standard
deviation.

Figure 11. Unified adsorption isotherm for all of the simulated
cavitand hosts as a function of effective pocket pressure (P + Pshift) at
25 °C. Points indicate simulation results, and lines indicate fits to the
unified distribution model (eq 7). The figure symbols are defined in
the legend. Error bars are comparable in size or smaller than the
symbols.

The Journal of Physical Chemistry B pubs.acs.org/JPCB Article

https://dx.doi.org/10.1021/acs.jpcb.0c02568
J. Phys. Chem. B XXXX, XXX, XXX−XXX

G

https://pubs.acs.org/doi/10.1021/acs.jpcb.0c02568?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c02568?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c02568?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c02568?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c02568?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c02568?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c02568?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c02568?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c02568?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c02568?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c02568?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c02568?fig=fig11&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://dx.doi.org/10.1021/acs.jpcb.0c02568?ref=pdf


the other hand, shows distinct trends with the degree and
polarity of the portal functionalization. The largest effect is
observed for endo-methyl functionalization, with Pshift monot-
onically decreasing from OA to TEMOA with each added
methyl group, corresponding to increasing destabilization
wetted state by methyl functionalization. In the case of endo-
hydroxyl functionalization, TEHOA exhibits a positive value
for Pshift, corresponding to stabilization of the wetted state
within the pocket. The magnitude of Pshift for TEHOA is only
about 60% that for TEMOA, however, indicating that endo-
methyl functionalization plays a greater role in pocket
hydration than endo-hydroxyl functionalization. As for the
exo-methyl groups, TEXMOA exhibits a negative value of Pshift,
although its magnitude is less than that for MEMOA despite
the fact TEXMOA has 4 times as many methyl groups.
Similarly, TEXHOA exhibits a positive value for Pshift that is
lower in magnitude than that for TEHOA. We conclude then
that, while exo-functionalization plays a role in stabilizing/
destabilizing water within pocket, the magnitude of this effect
is not as significant as that observed for endo-functionalization.
Figure 13 illustrates the pocket hydration free energies of the

endo-functionalized hosts TEHOA, OA, MEMOA, DEMOA,
TrEMOA, and TEMOA in order of increasing hydrophobicity
at 1 bar from simulation and fitted to the unified distribution
model. Overall, the unified distribution model provides an
excellent quantitative description of the pocket hydration free
energies for these cavitands, supporting the proposition that
the impact of portal functionalization can be treated as a shift
in the effective pressure. Importantly, increasing the hydro-
phobicity of the pocket portal leads to systematic stabilization
of the dry state, as indicated by the increasing depth of
ΔG1(0). Even for TEHOA, however, the free energy exhibits a
shoulder at n = 0, suggesting a latent inclination for TEHOA’s
pocket to dry. This inclination subsequently becomes
dominant for TEMOA. For the hosts MEMOA through
TEMOA, the model predicts the dry state is separated from
the wet state by a free energy barrier (i.e., maximum) at n = 1.

This supports the proposition that the water adsorption within
the cavitand pockets is akin to a two-state-like vapor/liquid
transition, albeit on a microscopic scale. Presumably, if we
could make the pocket more hydrophobic, we would expect to
observe only a single free energy minimum for the dry state.
The lack of additional endo sites and complication of adding
conformational degrees of freedom for larger functional
groups, however, suggests that this may not be easily achieved.

Capillary Evaporation Model of Cavitand Hydration.
Here we describe a capillary evaporation model in an effort to
rationalize the impact of portal functionalization on water
adsorption into cavitand pockets. This model is based on the
idea that the system thermodynamics can be described using
interfacial free energies associated with the cavitand surfaces
contacting water or a vacuum (water absence), which is clearly
an approximation when applied to the molecular level.
Nevertheless, this model reproduces many of the salient
elements of water adsorption described above. Our physical
picture of the cavitand in water underlying our capillary
evaporation model is illustrated in Figure 14. Here, the parent
cavitand, OA, is assumed to be a bowl-shaped pocket
(indicated in gray) with an inner surface area of Apock. The
portal to the binding pocket (indicated in green) has a cross-
sectional area of Aport in the absence of any added endo-
functional groups (methyl or hydroxyl). Finally, each endo-
functional group (indicated in red) ringing the pocket blocks
an area of Afunc from the portal. The volume of the cavitand,
νcav, is defined by the region bounded by the pocket and portal.
We neglect the impact of exo-functional groups in this model,
which were shown above to have a minimal impact on water
adsorption relative to OA.
The cavitand pocket is open to bulk water, permitting free

exchange through the portal. In this case, water adsorption
equilibrium is described by the grand potential of the open
system associated with the cavitand volume.7,8,42,43 The grand
potential of the dry pocket with N endo-functional groups is

γ γ γΩ = + − +A A NA NA( )dry cv pock lv port func fv func (8)

Figure 12. Shift pressures for the unified distribution model (eq 7)
and capillary evaporation models for all of the hosts as a function of
the number of functional groups N. The shift pressures are measured
relative to the parent cavitand OA. The points indicate shift pressures
for the unified distribution model (eq 7) obtained from fits to all of
the simulated hosts. The specific hosts are identified next to the
points. The lines indicated shift pressures obtained for the capillary
evaporation model (eq 14) for endo-methyl and endo-hydroxyl
functionalization. The capillary evaporation model assumes the shift
pressures of the exo-functionalized hosts are zero.

Figure 13. Impact of increasing portal hydrophobicity on relative
pocket hydration free energies for the series of endo-functionalized
hosts TEHOA, OA, MEMOA, DEMOA, TrEMOA, and TEMOA at
25 °C and 1 bar. Points indicate simulation results (eq 3), and lines
indicate fits to the unified distribution model (eq 7). The figure
symbols are defined in the legend. Simulation error bars are
comparable in size or smaller than the symbols. Results are
successively shifted downward by 2 kJ/mol from TEHOA to
TEMOA for clarity.
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where γcv, γlv, and γfv are the cavitand/vacuum, liquid water/
vacuum, and functional group/vacuum interfacial free energies
and N (= 0−4) is the number of endo functional groups. The
dry state here is assumed to be a vacuum rather than a vapor,
as would normally be assumed for larger volumes. The
pressure inside the dry pocket is zero (i.e., vacuum) and
therefore does not contribute to eq 8. The grand potential of
the wet pocket is

γ γ νΩ = + −A NA Pwet cl pock fl func cav (9)

where γcl and γfl are the cavitand/liquid water and functional
group/liquid water interfacial free energies, respectively, and P
is the bulk pressure.
Given that the probability of observing the dry or wet state is

proportional to the Boltzmann weighting of their respective
grand potentials (i.e., pdry/wet ∝ exp(−Ωdry/wet/kT)), the
probability of observing the wet state is

=
−Ω

−Ω + −Ω

=
+ ΔΩ

p
kT

kT kT

kT

exp( / )
exp( / ) exp( / )

1
1 exp( / )

wet
wet

wet dry

(10)

where

γ γ γ γ γ γ

ν

ΔΩ = Ω − Ω

= + − + [ − − ]

−

NA A A

P

( ) ( )

wet dry

fl lv fv func cl cv pock lv port

cav (11)

Thus, based on this model, water is expected to follow a Fermi
function (eq 10), characteristic of two-state-like thermody-
namic equilibrium. Considering that νcav is positive, eq 10
predicts the cavitand is dry for low pressures (i.e., pwet = 0 for
low or even negative P) and wetting occurs with increasing
pressure (i.e., pwet = 1 for large P). This agrees with our
simplest expectations from above. The transition point
between dry and wet states (ΔΩ = 0) occurs at the pressure

γ γ γ γ γ γ
ν

=
+ − + [ − − ]

P
NA A A( ) ( )

trans

fl lv fv func cl cv pock cl port

cav
(12)

which may occur at positive or negative pressures depending
on the degree of rim functionalization, and values of the
associated interfacial free energies.
Assuming that νcav is the same across all of the hosts

examined, the capillary evaporation model provides a direct
rationalization of the collapse of the water adsorption
isotherms onto a universal curve and the shift pressures.
Assuming OA (N = 0) as a reference host, the shift pressure
can be determined by equating eq 11 for a functionalized host
with that of OA at a pressure of P + Pshift

γ γ γ γ γ γ

ν γ γ γ ν

+ − + [ − − ]

− = [ − − ] − +

NA A A

P A A P P

( ) ( )

( ) ( )

fl lv fv func cl cv pock cl port

cav cl cv pock cl port shift cav

(13)

which yields

γ γ γ
ν

= −
+ −

P
A

N
( )

shift
fl lv fv func

cav (14)

Based on this model, we expect the shift pressure to be a linear
function of the degree of endo-functionalization, qualitatively
similar to that reported for the sequence OA to TEMOA in
Figure 12. The negative shift pressures observed for methyl
functionalization can be explained within the context of eq 14.
Specifically, we expect for liquid water that γfl is positive, that
water unfavorably wets hydrophobic functional groups, and
that γlv is greater than γfv given the lower surface tension of
water compared to that of liquid alkanes. As a result, Pshift is
anticipated to be negative for methyl group functionalization,
as observed in Figure 12. For the hydroxyl groups to exhibit a
positive shift pressure, we must have the combination of terms
γfv − γfl to be greater than γfl. This could result from a
combination of wetting of the hydroxyl group by water to be
very favorable (γfl < 0) and exposure of the group to a vacuum
being exceptionally unfavorable (γfv > γlv). A definitive
rationalization for the positive shift pressures of the hydroxy
groups, however, is not immediately apparent based on
macroscopic considerations.
A shortcoming of applying the capillary evaporation model

as described above is that eq 10 only describes the probability
of observing a dry or wet state, while the adsorption isotherms
reported above indicate continued filling of the cavitand with
increasing pressure above the wetting transition. This suggests
the overall compressibility of the water within the pocket
should be taken into account. We subsequently model the
mean wet state pocket water occupancy as

κ= [ + ]n n P Pexp ( )wet 0 0 shift (15)

where n0 is the mean wet state occupancy at zero pressure and
κ0 is the compressibility of water within the host pocket. While
we assumed zero compressibility of the individual water
occupancy states in eqs 4 and 7 above, the hydration
distribution models described above do capture the compres-
sion of waters within the pocket (e.g., Figure 7). This is a result
of the fact that equilibrium tips toward states with lower
volumes in response to increasing pressure (e.g., Figure 10),
compressing waters within the pocket as described by eq 15.

Figure 14. Schematic illustration of the endo-functionalized hosts
used to develop the capillary evaporation model. The host pocket,
portal, and functional groups are identified in gray, green, and red,
respectively, along with their corresponding areas, Apock, Aport, and
Afunc. The cavitand volume, νcav, is bounded by the pocket and portal
surfaces.
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The effective pressure of water inside the wetted pocket in this
expression is taken as P + Pshift. This is necessary for the model
to achieve a universal collapse. In this case, the shift pressure
can be interpreted as being analogous to a Laplace pressure,
the pressure differential across a curved interface.
Given that the application of macroscopic interfacial free

energies down to molecular-scale phenomena is debatable and
that the individual interfacial free energies are not independent
of one another in eq 11, we combine them together as

α γ γ γ= + − A( )fl lv fv func (16a)

and

β γ γ γ= − −A A( )cl cv pock cl port (16b)

The mean pocket occupancy for the capillary evaporation
model is finally determined as

κ
β ν

⟨ ⟩ = + − =

=
[ + ]

+ { − + }

n p n p n p n

n P P
P P kT

(1 )

exp ( )
1 exp ( ) /

wet wet wet dry wet wet

0 0 shift

shift cav (17)

where the mean dry state occupancy, ndry, is zero. The shift
pressure in here is determined as Pshift = −αN/νcav, where α
adopts different values for methyl and hydroxyl functional
groups. In this expression, α, β, n0, κ0, and νcav are treated as
fitting parameters. To connect the volume of the cavitand
pocket to the molecular scale packing of water within its
confines, we assume

ν ρ= n /cav 0 w (18)

where ρw here is the bulk number density of water (1/ρw = 30
Å3) at atmospheric pressure.
In Figure 15, we compare the least-squares fit of the capillary

evaporation model (fit parameters reported in Table 1) as a
function of P + Pshift against the simulation results for water
adsorption in the endo-functionalized hosts: OA, MEMOA,
DEMOA, TrEMOA, TEMOA, and TEHOA. Overall, the
model provides a near quantitative description of water
adsorption as a function of pressure, supporting the

assumption that water adsorption within hosts is well described
as a two-state equilibrium. Moreover, we find semiquantitative
agreement between Pshift’s obtained from the capillary
evaporation model and those obtained by fitting eq 7 (Figure
12). Consideration of specific parameters reported in Table 1
further supports the reasonableness of the proposed capillary
evaporation model. Given the fact that water loses hydrogen-
bonding partners when it enters the host pocket, it is sensible
to expect adsorbed waters to be more compressible. This is
borne out comparing the fitted compressibility of water in the
pocket against that for bulk TIP4P/Ew water, 4.75 × 10−5

bar−1; that is, the fitted compressibility is 50% greater than the
bulk compressibility. For a wetted OA pocket at atmospheric
pressure with n0 = 4.269 waters, the universal binding model
described in the previous section anticipates a pocket volume
(e.g., Figure 10) of ΔΔν*(0, n0) = Δν*(0) − Δν*(4.269) =
82.2 cm3/mol = 136 Å3 (Δν*(4.269) was determined by
interpolation between Δν*(4) and Δν*(5)). This volume is in
good agreement with that obtained by fitting νcav, differing only
by ∼7%. It may be thought, however, that the assumption that
the cavitand volume is described by eq 18 is erroneous. If we
relax this assumption and make νcav itself a fitting parameter,
we obtain a best fit value of 128.9 Å3 = 77.6 cm3/mol, differing
by less than 1%. Taken together, these observations support
our proposition that drying of supramolecular host pockets is
driven by capillary evaporation.

■ CONCLUSIONS
In conclusion, we have reported a molecular simulation and
theoretical analysis of the adsorption of water into the
hydrophobic pockets of deep-cavity cavitands in water over a
broad range of pressures. The portals of these cavitands were
functionalized with hydrophobic (methyl) and hydrophilic
(hydroxyl) groups, that adopted either inward (endo) or
upward (exo) orientations with respect to the pocket. Our
simulations found that wetting of the pocket, as captured by
the mean water occupancy, is directly controlled by hydro-
phobicity of the portal, with more hydrophobic groups tilting
the equilibrium toward lower pocket occupancies and
hydrophilic groups tilting toward higher pocket occupancies.
Directing the functional groups in an exo (upward) orientation
from the pocket significantly reduces their impact on pocket
occupancy, indicating the effect on pocket hydration is local.
From a thermodynamic perspective, water adsorption within

host pockets appears to be governed by equilibrium between
dry (empty) and wet (filled) states, separated by a free energy
barrier associated with the first water entering the host pocket.
Filling of the pocket is driven by lowering of the host volume
with increasing pressure, in accordance with Le Chatelier’s
principle. Considering the pocket occupancy distributions, our
analysis demonstrated that water adsorption across all hosts

Figure 15. Comparison between the mean pocket hydration numbers
as a function of the effective pocket pressure (P + Pshift) for the endo-
functionalized hosts determined from simulation and the capillary
evaporation model (eq 17) at 25 °C. The figure symbols are defined
in the legend. Error bars are comparable in size or smaller than the
symbols.

Table 1. Capillary Evaporation Model Parameters Obtained
by Least-Squares Fitting of Simulation Results for OA,
MEMOA, DEMOA, TrEMOA, TEMOA, and TEHOA

parameter value

n0 4.269
κ0 7.185 × 10−5 bar−1

νcav = n0/ρw 128.1 Å3

−αmeth/νcav −274.4 bar
−αhydrox/νcav 168.2 bar
β −9.341 kJ/mol
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could be collapsed onto a unified adsorption isotherm, in
which the adsorption isotherms of chemically distinct cavitands
could be mapped onto one another via a shift pressure. The
shift pressure is positive for hydrophilic functional groups and
progressively negative for hydrophobic functional groups.
Finally, we demonstrated that the adsorption equilibrium

could be described by a two-state capillary evaporation model,
which describes equilibrium as resulting from a balance of
interfacial free energies for wetting/drying of the internal
surfaces of the cavitand and the bulk system pressure. This
model captures many of the salient features observed from our
simulations, including the collapse of the adsorption isotherms
for a range of cavitands onto a unified isotherm and the signs
of the shift pressures for the hydrophobic and hydrophilic
functional groups. We note, however, that it is surprising that
the hydration of our cavitands can be modeled following a two-
state model, describing equilibrium between two distinct
thermodynamic states, while our simulations find a wide range
of pocket hydration state numbers that may be observed.
Nevertheless, the hydration probability distributions obtained
from simulation (e.g., Figures 4a and 6) suggest two states with
fluctuations about the means of the two states. In the case of
the relatively small volumes of the cavitand pockets, those
fluctuations are comparatively large, lowering the barrier
between states. In the case of significantly larger observation
volumes, like that between hydrophobic plates,6−8,10,44 the
barrier is more significant with fluctuations playing a smaller
role so that the two states are more clear. As a result, we expect
the parameters of the proposed two-state evaporation model to
not necessarily scale to macroscopic confinements.
This work demonstrates that the wetting behavior of a

supramolecular host pocket can be directly tuned by
functionalizing the portal to the binding site. In particular,
the pocket can be dewetted using hydrophobic functional
groups or more strongly wetted using hydrophilic functional
groups. This, in turn, is sure to impact the binding of guests by
the host, since evacuation of the pocket is a necessary step for
the guest to settle into the binding site.
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