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Biomimetic deep-cavity cavitand hosts possess unique recognition and encapsulation properties that
make them capable of selectively binding a range of non-polar guests within their hydrophobic
pocket. Adamantane based derivatives which snuggly fit within the pocket of octa-acid deep cav-
ity cavitands exhibit some of the strongest host binding. Here we explore the roles of guest size and
attractiveness on optimizing guest binding to form 1:1 complexes with octa-acid cavitands in wa-
ter. Specifically we simulate the water-mediated interactions of the cavitand with adamantane and
a range of simple Lennard-Jones guests of varying diameter and attractive well-depth. Initial sim-
ulations performed with methane indicate hydrated methanes preferentially reside within the host
pocket, although these guests frequently trade places with water and other methanes in bulk solution.
The interaction strength of hydrophobic guests increases with increasing size from sizes slightly
smaller than methane to Lennard-Jones guests comparable in size to adamantane. Over this guest
size range the preferential guest binding location migrates from the bottom of the host pocket up-
wards. For guests larger than adamantane, however, binding becomes less favorable as the minimum
in the potential-of-mean force shifts to the cavitand face around the portal. For a fixed guest diam-
eter, the Lennard-Jones well-depth is found to systematically shift the guest-host potential-of-mean
force to lower free energies, however, the optimal guest size is found to be insensitive to increasing
well-depth. Ultimately our simulations show that adamantane lies within the optimal range of guest
sizes with significant attractive interactions to match the most tightly bound Lennard-Jones guests
studied. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4844215]

INTRODUCTION

Octa-acid (OA) is a water soluble, deep-cavity cavi-
tand that possesses a water-soluble outer coat and a deep
hydrophobic pocket suitable for binding a range of guest
molecules (Figure 1).1, 2 The water-soluble coat of OA is com-
prised of eight carboxylic acid groups bestowing the host
with good solubility above pH ∼8. The interior hydrophobic
pocket approximates to a truncated cone roughly 8 Å wide
at its mouth, 3 Å wide at its base, and 8 Å deep. Two other
features of the pocket impact the properties of OA. First, the
four benzal hydrogens pointing into the cavity at its midsec-
tion pinch the cone somewhat and offer weak hydrogen bond
donors to resident guests.3 Second, the pocket entrance is
rimmed with aromatic rings that bestows OA a predisposition
to assemble into dimeric capsules.4 These capsules have been
used as yoctoliter reaction vessels,5–7 separation devices,8, 9

for modulating the properties of redox-active10 or fluores-
cence guests,11, 12 as well as controlling electron transfer13

and electron–electron communication.14 In addition to this
capsule chemistry, three classes of guests bind to OA with-
out triggering assembly and consequently allow the study of
a range of 1:1 complexes. These classes of guest represent
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a wide diversity; small hydrophobic molecules,8 amphiphiles
such as long-chain fatty acids,15 and chaotropic anions16 all
have an affinity for the hydrophobic pocket. As such, OA and
related cavitands are interesting synthetic targets for mimick-
ing ligand recognition in protein clefts.

The interaction free energies between non-polar species
in water are typically understood to be dominated by favor-
able entropies of association,17 frequently ascribed to the re-
lease of orientationally restricted waters from overlapping
hydration shells. Recent experiments of ligand interactions
with protein hydrophobic recognition pockets, however, in-
dicate binding can be stabilized by enthalpy18 and the pocket
can be dry,19 nullifying binding facilitated by water release.
While molecular simulation studies of hydrophobic interac-
tions have largely focused on the water-mediated interac-
tions between small, spherical species which conform to en-
tropically controlled association, such as methane,20–23 more
recent simulations of host-guest interactions driven by hy-
drophobic interactions have focused on the aqueous bind-
ing of idealized convex hydrophobic guests with concave hy-
drophobic pockets and clefts.24, 25 These simulations find the
interaction between a spherical hydrophobe with a concave
pocket is more strongly favored by the enthalpy of associ-
ation. This enthalpic force has been attributed to the spon-
taneous escape of water from the pocket as the hydropho-
bic guest draws close, dewetting the pocket.26 Simulations of
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FIG. 1. Chemical structure of octa-acid deep-cavity cavitand host. The host
possesses three rows of aromatic rings that build up the concave binding
pocket. The mouth of the cavitand at the top of this structure is rimmed with
four carboxylic acid coating groups that are presumed to be fully deproto-
nated at pH 7. The foot of the cavitand posses four carboxylic acid coating
groups with only two presumed to be deprotonated at pH 7.

water within OA previously found that while 4 to 5 waters on
average fill the hydrophobic pocket, the water occupancy fluc-
tuates significantly from empty to up to 7 waters.27 These sim-
ulations suggest water within the OA pocket lie on the verge
of a liquid/vapor phase transition, in agreement with simu-
lations of water penetration into carbon nanotubes.28 Simi-
lar to pocket-like hosts, carbon nanotubes exhibit a strong
affinity for the adsorption of hydrophobic species into their
interiors.29, 30

In an effort to better understand factors that determine hy-
drophobic guest selectivity by OA, we have conducted molec-
ular simulations of cavitand host interactions with adaman-
tane and a series of Lennard-Jones (LJ) guests to form 1:1
complexes in water. Adamantane is a nearly spherical hydro-
carbon that snugly fits within cavitand pockets and its deriva-
tives comprise a class of strongly binding compounds.31, 32 We
aim to explore the effects of guest size and attractive interac-
tions on optimal guest-host complexation. To map preferential
hydrophobic guest binding sites, initial simulations examined
the correlations between methanes and the host by allowing
the guests to freely sample the cavitand’s exterior and inte-
rior surfaces. Subsequent to verifying that the cavitand’s non-
polar pocket exerts the strongest binding preference, further
simulations have focused on evaluating potentials-of-mean
force (PMFs) between the pocket and a series of non-polar
solutes to quantify the effects of guest size and attractiveness,
manifested by the guest LJ diameter and well-depth, to sort
binding selectivities. Breaking PMFs into direct guest-host
interactions and indirect solvent-mediated contributions, we
examine water’s role in optimizing guest binding.

METHODS

Molecular dynamics simulations33 of an OA deep-cavity
cavitand host with a range of hydrophobic guests in aque-
ous solution were performed using the GROMACS 4.0 sim-
ulation package.34 Water was modeled using the TIP4P-Ew
potential.35 The guests modeled were adamantane and a range
of monatomic LJ solutes of varying size and attractiveness.
The LJ, bond-length, angle-bending, and dihedral torsional
interactions of adamantane and OA were modeled using the

Generalized Amber Force Field.36 Gaussian03 ab initio calcu-
lations were performed to optimize the geometries of adaman-
tane and OA using the Hartree-Fock method and 6-31G* ba-
sis set.37 The Antechamber module of AMBER 938 was sub-
sequently used to assign AM1-BCC partial charges to the
geometry-optimized molecules. Following Ewell, Gibb, and
Rick,27 six of the eight carboxylic acid coating groups of
OA were assumed to be deprotonated at pH 7 imparting a
net charge of −6 e to the cavitand host. Specifically, the
four acids ringing the hydrophobic pocket at the top of OA
and two acids diagonal to one another at the foot of OA
were deprotonated (Figure 1). The carboxylic acid charges
were neutralized by six sodium cations modeled using the
AMBER 2003 force field. Non-bonded LJ interactions were
truncated at a separation of 9 Å, with standard mean-field
corrections for the energy and pressure applied beyond the
cut-off. Cross LJ interactions between unlike species were
determined using Lorentz-Berthelot combining rules.33 Long-
range electrostatic interactions were evaluated using the par-
ticle mesh Ewald method.39 A time step of 2 fs was used
to integrate the equations of motion. Simulations were con-
ducted in the isothermal-isobaric ensemble at 300 K and 1 bar
with the temperature and pressure controlled using the Nosé-
Hoover thermostat40, 41 and Parrinello-Rahman barostat,42 re-
spectively. Bonds involving hydrogen were constrained using
the LINCS algorithm.43

In a preliminary simulation to characterize the hydropho-
bic pocket of OA we examined the distribution of methanes
about the cavitand in water. In this simulation one OA,
10 methanes, and 1500 water molecules were considered.
The methanes, modeled using the OPLS united-atom LJ
potential,44 were free to explore the simulation box. The sys-
tem was equilibrated for 10 ns followed by a 50 ns production
run. System configurations were saved every 0.5 ps for evalu-
ation of methane distributions.

In a second set of calculations, the PMF between OA and
a single guest was evaluated along the central 4-fold cylindri-
cal rotational symmetry (C4) axis of OA (Figure 2) to form
a 1:1 complex. The guests modeled were adamantane and a
series of LJ solutes with diameters, σ ss, varied from 3 Å to
8.5 Å in 0.5 Å increments and well depths, εss, varied from
0.5 to 1.5 kcal/mol in 0.5 kcal/mol increments. While real-
istic guests may not be represented as a single LJ site, these
LJ guests span sizes from slightly smaller than methane, to
neopentane, adamantane, and just below the size of a buck-
yball. In these simulations one OA, one guest, and 1500
water molecules were explicitly considered. PMFs were eval-
uated over a series of overlapping windows using umbrella-
sampling. The guest was restrained to the C4 axis using a har-
monic potential. In the case of adamantane, a dummy atom
was created at its center to pull it along the C4 axis. Sam-
ple windows were simulated from the center-of-mass of the
aromatic rings at the bottom of OA to 21 Å (Figure 4, z =
0) into bulk solvent. Forty-three overlapping windows were
considered along the C4 axis with the harmonic umbrella po-
tential minimum separated in 0.5 Å increments with a force
constant of 5 kcal/(mol Å2). The guests we constrained to the
C4 axis by an orthogonal harmonic force constant of 100 kcal/
(mol Å2). The C4 axis of the cavitand similarly was aligned
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FIG. 2. Side and top views of an empty and adamantane occupied octa-acid
cavitand. The cavitand is depicted as a wire frame structure encased within
a transparent solvent-excluded volume, while the adamantane guest is drawn
as the solid CPK structure. The C4 axis indicated in the top left figure is the
cylindrical axis that passes through OA’s hydrophobic pocket that displays
4-fold rotational symmetry.

along the z-axis of the simulation box using a second set of
harmonic restraints that constrain the mouth of the cavitand to
be fixed in space normal to the z-axis. Each simulation win-
dow was equilibrated for 2 ns and followed by a 10 ns pro-
duction run. System configurations were saved every 0.2 ps.
The PMF was reconstructed from the 43 windows by the
weighted histogram analysis method45 (WHAM) using the
program WHAM.46

RESULTS AND DISCUSSION

To characterize the OA recognition pocket we initially
simulated ten methanes in aqueous solution with a single host
to map the binding sites of model non-polar guests. Assuming
the cavitand is cylindrically symmetric about the C4 rotational
symmetry axis (Figure 2), binding to OA can be quantified
by mapping the methane concentration distribution along the
axial and radial directions (Figure 3). While methane weakly
adheres to the cavitand exterior between the rim and foot coat-
ing groups, methane is most strongly attracted to the central
hydrophobic pocket. On average 2.7 ± 0.6 methanes were
found within the pocket, while the guest occupancy fluctuated
between 0 and 4 methanes during the course of the simula-
tion. The methanes predominantly sit at two positions within
the pocket. One methane sits at the bottom of the cavitand
pocket (indicated by the bright yellow spot centered at z ≈ 2 Å
in Figure 3) while the remaining methanes crowd around the
top of the pocket and hydrophobic face of the cavitand (from
z ≈ 4 to 10 Å). While a single methane nearly continuously
occupies the bottom site, the methane at the bottom frequently
exchanges positions with methanes at the top of the pocket.
Methanes at the top of the pocket readily escape into solu-
tion without replacement by another methane, although they
may eventually be recaptured. This simulation demonstrates

FIG. 3. Two-dimensional methane concentration distribution averaged about
the C4 axis of cavitand. The methane concentration scale shown on right-hand
side of the figure has been normalized by the bulk methane concentration.
Yellow indicates the positions of greatest methane adsorption, while black
indicates no adsorption. An outline of the cylindrically averaged cavitand
structure is overlaid in white.

that unrestrained non-polar species are preferentially attracted
to the cavitand pocket, and that guests with a range of sizes
may be anticipated to be absorbed within the pocket given the
number of methanes that can be accommodated within the
pocket.

Following our assessment that the strongest non-polar
guest absorption occurs within the hydrophobic pocket of OA,
subsequent simulations have evaluated the PMF between OA
and hydrophobic guests along the C4 axis from the pocket
interior into bulk aqueous solution. Adamantane is a nearly
spherical hydrocarbon (chemical formula C10H16) with a ther-
mal diameter of 6.1 Å that snugly fits inside the OA pocket
(Figure 2). The thermal diameter is defined here as the sep-
aration at which the orientationally averaged adamantane-
adamantane gas phase PMF less the value of the potential
at its minimum is equal to the product of the gas constant
and absolute temperature RT (i.e., ln〈exp[−ϕ(rmin, θ )/RT ]〉θ
− ln〈exp[−ϕ(rtherm, θ )/RT ]〉θ = 1, where θ denotes the rel-
ative adamantane-adamantane orientation, rmin is the position
of the minimum in the gas phase PMF, and rtherm is the thermal
diameter). The PMF between adamantane and OA exhibits a
deep attractive minimum of −19.2 kcal/mol (or −32.2 RT)
seated inside the hydrophobic pocket (Figure 4), effectively
trapping adamantane within the cavitand after adsorption at
ambient conditions. This observation stands in difference to
the simulation discussed above where methanes at the top of
the hydrophobic pocket were found to escape into bulk so-
lution with relative ease. The minimum in the adamantane-
cavitand PMF, corresponding to the most stable adsorption
position, occurs at approximately 5.5 Å from the center-of-
mass of bottom aromatic rings of the host. This minimum lies
in the upper region of the pocket above the solitary methane
adsorption site (Figure 3).

From an experimental perspective functionalized guests
conjugated with adamantane are some of the most strongly
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FIG. 4. Potential-of-mean force for pulling the center-of-mass of adaman-
tane from the cavitand interior into bulk water along the C4 axis. The
total PMF is represented by a solid black line, and is decomposed into
direct adamantane/cavitand interactions (dotted red line) and indirect solvent-
mediated interactions (long dashed blue line). The figure above the graph
illustrates the positions of the bottom of the pocket located at the center-of-
mass of the lower ring of aromatic groups (z = 0 Å), the minimum of the
potential-of-mean force between adamantane and the cavitand (z = 5.5 Å),
and the top of the cavitand (z = 8.75 Å). The error bars for the potential-of-
mean force computed using bootstrap analysis46 are comparable to the plot
line thickness used.

bound species to OA.31, 32 This raises the question: What are
the contributions of the guest size and attractive interactions
to optimizing relative binding affinities? To this end we have
evaluated PMFs along the C4 axis for a range of LJ guests
of varying diameter and well-depth (Figure 5). Not unexpect-
edly, the preferred guest seating depends on its size with the
primary PMF minimum shifted out to increasing separation
with increasing guest diameter. For a fixed guest well-depth
the depth of the PMF minimum exhibits a non-monotonic
dependence on the guest size. The PMF is optimally attrac-
tive for guests with diameters in the range of 6–7.5 Å, with
smaller and larger guests having more shallow minima. In-
creasing the LJ guest well-depth largely acts to increase the
magnitude of the attractive well for the PMF. We note that for
the smallest guests simulated, comparable in size to methane,
a 1.5 kcal/mol well-depth likely imparts significant solubil-
ity in water. Nevertheless, these smaller solutes exhibit in-
creasing affinity for the hydrophobic binding pocket relative

FIG. 5. Potentials-of-mean force for pulling a series of LJ guests from the
cavitand interior into bulk water along the C4 axis. The PMFs for differ-
ent sized guests are identified in the figure legend. Guest diameters range
from 3 Å to 8.5 Å in 0.5 Å increments, with results for guests well-depth of
0.5 kcal/mol, 1.0 kcal/mol, and 1.5 kcal/mol reported in (a), (b), and (c). The
potential-of-mean force for adamantane is superimposed over the results in
(c). The error bars for the potentials-of-mean force computed using bootstrap
analysis46 are comparable to the plot line thickness used.

to water with increasing attractions. Comparing the nearly
spherical adamantane with our results for LJ guests, we find
the PMFs for the LJ solutes with diameters between 6 and
6.5 Å and well-depth 1.5 kcal/mol are in near quantitative
agreement with the adamantane PMF (Figure 5(c)). This com-
parison agrees reasonably with the 6.1 Å adamantane diame-
ter estimated from the guest thermal radius and places adman-
tane within the range of optimally sized guests for deep-cavity
recognition.

Plotting the position of the primary minimum for each
PMF versus the guest diameter, we observe three distinct
guest binding zones (Figure 6(a)). For the smallest diameter
guests with diameters less than or equal to 4 Å, comparable in
size to methane or a noble gas atom, the minimum is a linear
function of the guest diameter with separations less than zmin

= 2.5 Å (Figure 6 – zone I). This bound places these guests
at the bottom of the cavitand pocket where a single methane
was observed to reside in our preliminary methane simula-
tions (Figure 3). Rather than follow the initial linear correla-
tion, the optimal guest position jumps to greater separations
between guest diameters of 4 and 4.5 Å. In this second zone
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FIG. 6. Characterization of the optimal binding for the simulated guests as a
function of the guest size and attractiveness. Three different binding zones (I,
II, and III) were identified and demarked by the transparent red lines. (a) The
position of the minimum in the simulated potentials-of-mean force along the
C4 axis as function of the LJ guest diameters. The filled blue circle, open red
circles, and filled green triangles indicate results for guests with well-depths
of 0.5, 1.0, and 1.5 kcal/mol, respectively, while the position of adamantane
is indicated by the filled black square. The two solid straight lines indicate
the linear relationships between the position of the binding minima and guest
diameter in zones I and II. (b) Depth of the minimum in the potentials-of-
mean force as a function of the guest diameters. The symbols follow the
definitions as in (a), while the connecting lines are simply a guide to the eye.

(zone II) for guests ranging in diameter from 4.5 to 7.5 Å,
the minimum is again a linear function of guest diameter. In
this regime the guests sit at optimal separations between 3 and
7 Å, placing them in the top half of the cavitand pocket where
methanes were observed to freely exchange with the bulk so-
lution (Figure 3). For guests with diameters larger than 7.5 Å,
a third nonlinear binding zone (zone III) is observed at opti-
mal guest separations even greater than those observed for the
second regime. The position of the minima observed in this
regime (zmin > 7 Å) places the guests outside the hydropho-
bic pocket and partially contacting the hydrophobic face of
the cavitand.

In each binding zone we observe distinct differences in
the depth of the primary PMF minimum (Figure 6(b)). In
zone I for guests up to 4 Å in diameter the PMF minimum
is a weakly decreasing function of guest diameter. Once the
guest size crosses into zone II the decrease in the PMF well-
depth becomes more significant, ultimately obtaining an opti-
mal depth for guests ranging in diameter from ∼6 to ∼7.5 Å.
The PMF well-depth increases sharply with increasing guest
diameter in zone III making binding more unfavorable. As
noted above, the effect of increasing the guest LJ attractions

FIG. 7. Breakdown of the potentials-of-mean force into direct and indirect
interactions for representative LJ guests the preferentially bind to zones I, II,
and III. The solid black line, dotted red, and long dashed blue lines indicate
the total potential-of-mean force, direct interaction, and indirect interaction,
respectively. Figures (a), (b), and (c) report results for guests with LJ diam-
eters of 3.5 Å (zone I), 6 Å (zone II), and 8.5 Å (zone III), respectively. The
LJ well-depth of each of these guests was 1.5 kcal/mol. The error bars for the
potentials-of-mean force computed using bootstrap analysis46 are compara-
ble to the plot line thickness used.

on the PMF is largely to increase the depth of the attractive
well. Increasing guest attractions, on the other hand, does not
significantly affect the optimal guest size. At 6.1 Å the diam-
eter of adamantane is nearly optimal, sitting at the maximum
attractiveness of zone II.

To gain insight into guest binding differences within dif-
ferent regions of the cavitand pocket we have broken the
PMFs into direct guest-host interactions and indirect solvent-
mediated contributions for adamantane and representative
guests with LJ diameters of 3.5 Å, 6 Å, and 8.5 Å and well-
depths of 1.5 kcal/mol that preferentially sit in zones I, II, and
III, respectively (Figures 4 and 7). Here we define the direct
interaction as the inter- and intramolecular potential energy of
the guest and host that would be present even in vacuum. The
indirect interaction is determined by the difference between
the PMF and the direct contribution and captures changes in
the solvent interactions with the guest, host, and other solvent
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molecules. The dissection of the PMFs of adamantane
(Figure 4) and the 6 Å LJ guest (Figure 7(b)) into direct
and indirect interactions are in good agreement with one an-
other, indicating the 6 Å guest is a reasonable model for ra-
tionalizing the optimal binding of adamantane. These PMFs
are dominated by the direct interactions between the guests
and cavitand that are even more attractive than the total free
energy. The resulting indirect solvent-mediated interactions
are repulsive, disfavoring adsorption. Wanjari, Sangwai, and
Ashbaugh29 observed a similarly weakly repulsive indirect
interaction for alkane absorption from aqueous solution into
carbon nanotube interiors. While this indirect interaction in-
dicates water mildly opposes binding with the pocket, we
found in our previous study of alkane absorption inside car-
bon nanotubes that the indirect solvent interaction is over-
whelmingly repulsive for guest binding from organic solvents
like benzene.29 The magnitude of the indirect interaction in
the present case is determined in large part by the affinity of
the solvent for the negatively curved pockets and crevices of
non-polar binding sites. Compared to the direct interaction,
the indirect interaction is relatively featureless exhibiting an
initial rise to a plateau of approximately 5 kcal/mol at the on-
set of interactions. This barrier to 1:1 complex formation is
comparable to the free energy cost of emptying OA of wa-
ter evaluated from the simulations of Ewell, Gibb, and Rick27

(see Figure 2 of Ref. 27), suggesting cavtiand evacuation by
the guest is a significant step during complex formation. In the
cases of adamantane and the 6 Å and 8.5 Å diameter guests
the indirect interactions appear to diverge for guest-host sep-
arations below the primary minimum. While we were unable
to trace the origin of this divergence, we believe it may re-
sult from comparatively poorer sampling of interactions in the
repulsive portion of the direct interaction even under the in-
fluence of the umbrella potential, or the loss of direct guest-
solvent interactions as the guest is pushed into the host’s ex-
cluded volume.

As noted above, the binding PMFs are dominated by the
direct guest-host interaction. In the case of the 3.5 Å, 6 Å, and
8.5 Å guests the minimum values of the direct interactions
are −15 kcal/mol, −25 kcal/mol, and −20 kcal/mol, respec-
tively (Figure 7). These minima mirror the variation in the
depth of the PMFs with increasing guest size (Figure 6(b)).
The deeper direct interaction of the 6 Å guest compared to
the 3.5 Å guest results from the larger number of neighbor-
ing host atoms available for the medium-sized guest to inter-
act with in the upper binding region of the pocket (zone II)
compared to that of the small-sized guest at the bottom of the
pocket (zone I). Similarly the deeper direct interaction of the
6 Å guest compared to the 8.5 Å guest results from the com-
paratively greater number of neighboring atoms available to
the medium-sized guest in the upper binding region compared
to that of the large-sized guest which does not fit through the
portal of the cavitand and sits on the OA face (zone III).

Approximately four water molecules sit within the OA
pocket in the absence of a bound guest (Figure 8), consistent
with the results of Ewell, Gibb, and Rick.27 When a guest
approaches the cavitand portal the number of waters in the
pocket drop precipitously. In the case of the 6 Å and 8.5 Å LJ
guests all the waters spontaneously evacuate the cavitand and

FIG. 8. Average number of water molecules present inside the cavitand
pocket as a function of guest separation. The solid blue, long-dashed red,
and dotted green lines indicate results for LJ guest diameters of 3.5 Å,
6 Å, and 8.5 Å, respectively. The LJ well-depth of each of these guests was
1.5 kcal/mol.

the occupancy falls to zero when these solutes arrive at the
pocket entrance, consistent with the solvent-mediated barrier
to complex formation discussed above. The drop in water oc-
cupancy of the pocket coincides with the onset of the guest-
host interactions in the PMF (Figure 7) suggesting the repul-
sive nature of the indirect interactions results in part from lost
favorable interactions between the solvent and cavitand inte-
rior. In the case of the 3.5 Å guest, the pocket occupation is
reduced from four to one water molecules left inside when the
guest arrives at the cavitand mouth. As the small guest comes
to rest at the primary minimum of the PMF at a separation of
∼1.5 Å water refills the pocket resulting in a final average wa-
ter occupancy between 3 and 4 waters. Experimentally only
n-alkanes longer than methane form stable complexes with
OA. Moreover, Ewell, Gibb, and Rick27 observed from sim-
ulations that ethane induces complete OA evacuation. Since
the small guest examined here is comparable in size to the
OPLS united-atom description of methane, it may be inferred
that complete desolvation of the cavitand pocket plays a sig-
nificant role in the formation of stable guest-host complexes.

CONCLUSIONS

In summary, molecular simulations of simple non-polar
solutes and OA deep cavity cavitands in water were per-
formed to evaluate the relative contributions of molecular size
and attractiveness to optimizing hydrophobic guest binding
within the binding pocket of the cavitand. While methane
weakly binds to sites on the cavitand exterior, the strongest
binding was observed within the cavitand pocket. Despite be-
ing strongly attracted to the pocket, the total methane popu-
lation within the cavitand fluctuated over the course of our
50 ns simulation with methanes escaping and exchanging
with solutes in the bulk solution. This simulation highlighted
two binding regions within the cavitand: one at the bottom of
the hydrophobic pocket big enough for a single methane, and
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a second at the top in the mouth of the cavitand where multi-
ple methanes can sit and exchange with the bulk solution.

Subsequent simulations to evaluate the PMFs between LJ
guests and the hydrophobic cavitand pocket along the cen-
tral axis demonstrated that the site at which a single guest
preferentially sits is determined by the guest size. Guests
comparable in size to methane preferentially sit in the bot-
tom region, while guests successively migrate to the cavitand
portal and ultimately the cavitand face with increasing diame-
ter. The strongest interactions were observed for guests rang-
ing in diameter from 6 to 7.5 Å that bind in the main bind-
ing chamber of the binding site (zone II), while smaller and
larger guests exhibited weaker binding. Over the range of LJ
guest well-depths simulated attractive guest interactions pre-
dominantly affected the binding strength, but not the preferen-
tial binding region or size selectivity. These observations are
consistent with the experimental observation that adamantane
and its derivatives are some of the strongest cavitand binding
guests. In the case of adamantane derivatives with side chain
groups, entropic penalties resulting from the loss of tumbling
degrees-of-freedom inside the pocket will accompany guest-
host complexation. Nevertheless, adamantane pendant groups
can potentially gain additional interactions that further stabi-
lize complex formation either by pointing the derivative unit
toward the cavitand bottom or out towards the bulk solution
to interact with the host face.

While water readily wets the cavitand pocket, which
accommodates four waters molecules on average, the water
occupation state within the pocket rapidly fluctuates on the
simulation time scale. The waters within readily evacuate
the pocket when a hydrophobic guest is brought to the cav-
itand face, leaving zero to one waters left inside depending
on the guest size. As a result water makes a repulsive con-
tribution to the non-polar guest-host PMF. The net attractive
guest/host interaction free energy is thereby dominated by the
direct attractive van der Waals interaction. The 6–7.5 Å di-
ameter guests enjoy the strongest binding as a result of the
greater number of neighboring cavitand atoms the medium-
sized guests can interact within the cavitand throat, compared
to the smaller number of neighbors small guests have in the
bottom of the cavitand or the reduced set of neighbors large
guests have on the cavitand face. From this perspective, op-
timization of non-polar guest binding relies on maximizing
guest-host contact area to gain van der Waals attractions.
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