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Hydrophobic effects refer to energetically favorable associ-
ations of nonpolar molecules in water."! These effects are
responsible for numerous processes in chemistry and biology,
including micelle” and lipid-bilayer formation,”! protein
folding,™! assembly® and aggregation,® substrate binding,"!
and host/guest encapsulation.’! In general, the energetic
phenomena responsible for hydrophobic assembly include
changes in entropy and enthalpy associated with hydrophobic
solvation,” the release of water from nanoscale hydrophobic
domains,®!” and van der Waals interactions’® between
nonpolar components in compactly organized structures.
Among numerous types of hydrophobically assembled
structures, micelles are viewed as fundamentally important
products of surfactant aggregation processes,>>"! which
could serve as useful models for understanding multistep
hydrophobic assembly. Indeed, numerous studies” do report
the entropy and enthalpy changes that determine critical
micelle concentrations (CMCs).'” Data from these inves-
tigations typically reveal classical thermodynamic signatures
involving (net) increases in entropy. However, once the CMC
is reached, micelle formation is rapid and spontaneous, such
that, even for the special case of micelle formation, very little
experimental data is available concerning the energetics of
individual growth steps. We now address this challenging
fundamental problem by using an unprecedented type of
experiment that gives rise to a structurally well-defined
micelle-like organic aggregate of n-butyrate ions within
a porous inorganic-oxide nanocapsule. This access to detailed
information concerning the evolving influences of different
hydrophobic effects associated with numerous individual
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assembly steps has never been achieved, despite over
a century of fundamental studies of surfactant aggregation.

The nanocapsule is a (pentagon);,(linker);,-type anionic
complex,
[{MOVI6021(H20)6}12{(M0V204)30(acetate)QZ(HZO)16}]34’,[13]
abbreviated as [1(acetate),(H,0)]**~, where 1 refers to the
inorganic capsule framework. A cutaway view of the capsule
is shown in Figure 1, left.

Figure 1. Cutaway views illustrating the replacement of five acetates by
larger n-butyrate ligands (a maximum of 24 can fit inside the complex)
with loss of water from the interior of the capsule.

This capsule is a derivative of a nanocontainer with 30
acetate ligands""*! that has been employed in recent years for
studies related to aspects of materials science.' Its metal-
oxide skeleton is comprised of 12 {(Mo)Mos}-type pentagons
and 30 linkers, whose structural organization gives rise to
20 metal-oxide {Mo,O,} rings that provide access to the
interior of the soluble capsule. In aqueous solution, these
[Mo,O,) pores are flexible,*! allowing for rapid equilibration
between carboxylate ligands in bulk solution outside the
complex, and those suspended/hanging from the Mo" centers
inside the capsule. The related 30 {Mo",0,}*" linkers ({Mo",}),
which span a truncated icosahedron,'*!¥ have a directing
influence on different types of hydrophobic assemblies inside
the capsule because they provide 30 geometrically fixed
positions, each of which weakly binds either a single bidentate
carboxylate anion, or two water molecules.

The weakly bound acetate ions of the [l(acetate)y,-
(H,0)4]**" capsule, and approximately 35 unbound water
molecules (not shown in the formula), are displaced in
a stepwise fashion by the controlled uptake of from one to 24
n-butyrate ions, giving a micelle-like (n-butyrate),, assem-
bly™ with a practically water-free!'® central cavity (Figure 1,
right). This should be compared to the aggregation of
n-butyric acid in aqueous solution, where large (3.5M)
concentrations of the short-chain fatty acid!” give rise to
micelles comprised of approximately 80 of the amphiphilic
components.'® In contrast to assembly in bulk media,
however, the porous capsule makes it possible to investigate
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the underlying energetics associated with each step in the
formation of the 24 n-butyrate assembly within the inorganic
framework of 1.

Direct evidence for the controlling role of hydrophobic
effects in the uptake of n-butyrate ions by 1 was provided by
competitive encapsulation of differently sized carboxylate
ions (Supporting Information, Figure S1). A dramatic prefer-
ence for replacement of acetate by carboxylate ions with
larger n-alkyl R groups (Et and nPr) is observed, whereas the
small variations in the pK, values of the carboxylate ions show
no correlation with preferential encapsulation, which
increases in the order: R (pK,) = CH; (4.76) < Et (4.88) <
n-Pr (4.82). Hence, the preferential encapsulation of n-
butyrate ions (R =#Pr) by 1 is primarily due to hydrophobic
effects! arising from the two additional -CH,- groups in the
n-butyrate anions (in combination with a much smaller
charge/volume ratio).

A unique set of experiments was then used to reveal the
evolving roles of enthalpy and entropy associated with the
step-wise encapsulation of n-butyrate ions (Figure 2).

To begin (Figure 2a), '"H NMR spectroscopy was used to
determine the numbers of equivalents of n-butyrate encapsu-
lated by 1 as the total concentration of this anion was
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Figure 2. Hydrophobic self-assembly of n-butyrate ions inside the
porous molybdenum-oxide capsule 1. a) '"H NMR spectra (with indi-
cated signal intensities at the same scale) after addition of 3.1 equiv
(bottom) and 16.3 equiv (top) of n-butyrate buffer to [1(acetate),q-
(H,0),]* in D,0. The broad signals at ca. —0.7 ppm are due to the
methyl protons on the y-carbon atoms of internally bound n-butyrate
ions. b) Equivalents of encapsulated n-butyrate ions (“in”) as a function
of those remaining in bulk solution (“out”) after uptake by the capsule.
c) Space-filling model of the (n-butyrate),, assembly/micelle encapsu-
lated within the metal-oxide skeleton of 1, according to a single-crystal
X-ray crystallography study;"™ O red, C black), H grey. d) Two-dimen-
sional ROESY NMR spectrum of a capsule containing two encapsu-
lated n-butyrate ions, along with ca. 26 internal ("H NMR silent)
[D;]acetate ligands, CD;CO,”. Negative ROE cross-peaks are shown as
red contours, relative to the positive diagonal peaks in dark blue. The
leftmost grey arrow at the top of the Figure corresponds to interac-
tions between C—H bonds on a- and y-carbon atoms, and the grey
arrow at its right corresponds to interactions between C—H bonds on
{3- and y-carbon atoms.
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incrementally increased. First, acetate buffer (20 equiv) was
added to bring the number of internally bound acetate ligands
to 28.1+0.2, representing near saturation of the {Mo",}
binding sites. Then, in separate NMR-tube reactions, incre-
mentally larger amounts of n-butyrate buffer were added.
After adding 3.1 equivalents of n-butyrate, an average of
2.3 equivalents were located inside the capsule and 0.8 equiv-
alents remained in the bulk solution (Figure?2a, lower
spectrum). After 16.3 equivalents were added, 14.8 n-butyrate
ions were encapsulated, leaving only 1.5 equivalents in the
bulk solution (Figure2a, upper spectrum). The selective
uptake of n-butyrate is evident from the large increase in
intensity of the 'H NMR signals arising from the -CyH,
endgroups of the internally bound ligands (—0.5 to
—0.8 ppm), which is accompanied by a much smaller increase
in intensity of the well-resolved multiplets at 1.4 and 2.2 ppm
that are assigned to the -CgH,- and -C,H,- groups, respec-
tively, of n-butyrate in bulk solution.

The data from the complete series of '"H NMR experi-
ments (Figure S2) are plotted in Figure2b. As more
n-butyrate ions are added, the numbers of equivalents located
inside 1 climb steeply at first, while the numbers of
equivalents left in the bulk solution remain remarkably
small. This occurs despite a large excess of acetate buffer
(48 equivalents in all), which reflects the pronounced prefer-
ence for encapsulation of n-butyrate over acetate ligands.

The number of internally-fixed n-butyrate ions reaches
a maximum value of 24, which is identical to the number
found in the X-ray crystallography study mentioned above.['”!
Once encapsulated within 1, the carboxylate groups of the
n-butyrate ions point outwards, giving a beautiful/unique
structure similar to that of micelles (Figure 2¢). However,
rather than forming ion pairs with hydrated countercations
(as is typical for micelles), the carboxylate end groups are
associated with the {Mo",} linkages of the metal-oxide
framework of 1 (omitted for clarity in Figure 2c). This
rather compact and symmetrical n-butyrate-type structure is
strongly favored over the encapsulation of acetate ions, which
cannot show significant hydrophobic effects or compact
structures. Importantly, few, if any, water molecules are
present in the hydrophobic center of the “micelle” in
Figure 2c. Rather, an approximately 11 A diameter void
space is formed, surrounded by 72 H atoms from -CyH;
endgroups of the 24 n-butyrate ions. This observation is of
general importance for protein and related ligand-drug
interaction research, because of the relationship between
the sizes of hydrophobic protein pockets and numbers of
encapsulated water molecules: sufficiently small hydrophobic
cavities do not contain water.[’%1%%20]

Consistent with a hydrophobically driven self-assembly of
n-butyrate ions inside 1, 2D ROESY NMR data reveal close
contacts between H atoms from C—H bonds on adjacent n-Pr
groups when as few as two molecules of n-butyrate (on
average) are present inside each capsule (Figure 2d; see
Figure S3 for the full spectrum). Because the cross peaks
assigned to interactions between n-butyrate ions are broad
and close to the chemical-shift values of internally bound
acetate, a capsule containing CD;CO," ligands was prepared
to eliminate any ambiguity in peak assignments (see the
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Supporting Information for synthesis details). Hence, all
observed signals are due to the n-butyrate ions alone, and the
red-colored ROE cross-peaks are unequivocally assigned to
intermolecular interactions between C—H bonds of encapsu-
lated n-butyrate ions. The observation of intermolecular
interactions when only two n-butyrate ions are present inside
the capsule confirms that the successful competition of
n-butyrate (relative to acetate) for encapsulation by 1 is due
to a hydrophobic effect (involving the exclusion of water)
arising from the two additional methylene groups in #n-
butyrate. We then determined the equilibrium constants
associated with sequential steps in the formation of the n-
butyrate assembly.

The first task was to demonstrate that the n-butyrate-type
capsule system is at equilibrium based on dynamic ligand
exchange. This was done by approaching a common position
of equilibrium from opposite directions: by adding n-butyrate
buffer to a solution of [1(acetate),s(D,0),]*", and acetate
buffer to a solution of [1(n-butyrate),,(D,0),,]**". After two
minutes at 23°C, the nature and 'H NMR signal intensities of
species inside and outside 1 in both experiments were
effectively identical, thus confirming thermodynamic control
(Figure S4).

To obtain equilibrium constants (K) for sequential growth
steps, a mass-balance expression must be defined for each
successive ligand-exchange reaction. By design, each ligand-
exchange reaction involved 1:1 displacements of internally
bound acetates by n-butyrate ligands, such that the total
number of carboxylate ligands inside 1 remained constant.
This is shown in Figure 3a, where the slope of the line
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Figure 3. One-to-one displacement of acetate by n-butyrate ions inside
the capsule with the skeleton of 1, and (dimensionless) equilibrium
constants (K) for the sequential uptake of incrementally more n-
butyrate ligands. a) Equivalents of internally bound acetate ions as the
number of encapsulated n-butyrate ions increases from two to near
completion (for the first 13 data points in Figure 2b). b) Equilibrium
constants for each degree of n-butyrate-ion encapsulation in (a).

obtained by linear regression is 0.99, which is diagnostic for
a 1:1 replacement of acetate by n-butyrate at each step of the
self-assembly process. As such, the equilibrium constant for
n-butyrate ion uptake at each concentration of added
n-butyrate buffer was calculated using a simple mass-balance
expression for 1:1 ligand exchange.”! Remarkably, the
equilibrium constants (23°C) increase by over an order of
magnitude as more n-butyrate ions become encapsulated
(Figure 3b). For encapsulation of the first two ions (for which
2D ROESY NMR spectra show pair-wise™ interactions), the
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equilibrium constant is a modestly favorable value of 1.5.
Subsequent growth steps become significantly more favor-
able, with K reaching a value of 36.6 for the nearly completed
micelle-like structure.

This thermodynamically cooperative™ behavior may
explain why multi-component hydrophobic self-assembly
processes typically proceed finally to complete (compact)
assemblies, rather than to mixtures of intermediate and final
structures. A good example in the present context is micelle
formation: once the critical micelle concentration (CMC) is
reached, only completed micelles are typically observed.
Hence, investigation of the energetics of the numerous
sequentially related equilibrium constants associated with
each individual step in micelle formation is simply not
feasible. Access to such information is now possible, however,
by investigating the step-wise formation of the (n-butyrate,,)
assembly within the well-defined metal-oxide skeleton of 1.

To reveal the thermodynamic signatures of these individ-
ual steps, the temperature dependence of the equilibrium
constants plotted in Figure 3b, were determined by 'H NMR
spectroscopy (from 283-333 K; Figure S5). Plots of InK
versus T-' (Figure S6) then revealed the enthalpy (AH®)
and entropy (AS°) changes associated with each degree of
assembly. In Figure 4 a, values of AH®, —TAS®, and Gibbs free
energies (AG®) are plotted in kcalmol ™' as functions of the
numbers of n-butyrate ions present inside 1.
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Figure 4. Enthalpic (AH®; m) and entropic (—TAS®; A) contributions
to the Gibbs free energies (AG®; 0) at 295 K during stepwise self-
assembly of n-butyrate anions inside the capsule with the skeleton of
1. a) Values (in kcalmol™) for capsules containing the numbers of
internally bound n-butyrate ions indicated on the x axis. Statistical
uncertainties in AH® and AS® are £0.2 and £0.3 kcalmol™', respec-
tively. b) Enthalpies (m) for the same incremental steps in (a), but
obtained directly from heat values measured by isothermal titration
calorimetry (ITC; at (298 £0.1) K) in water.

Encapsulated n-butyrate / equiv

Early in the self-assembly, entropy changes (AS°) are
positive, giving strongly favorable energies (negative values of
—TAS® at 295 K) of ca. —8.5 kcalmol !, which become more
favorable as the assembly grows from a few n-butyrate ions to
approximately one third of its final size. During this phase, the
favorable entropy changes associated with removal of the
hydrophobic ions from bulk water are partially offset by
unfavorable changes in enthalpy (AH°).”! This is a classic
thermodynamic signature, originally derived from studies of
hydrocarbon dissolution in water, and encountered in numer-
ous investigations of hydrophobic effects.'" Accordingly, the
entropic costs imposed on water by the hydrocarbon chain of
the n-butyrate ion are larger in bulk solution than in the
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uniquely hydrated microenvironment inside the capsule.
Meanwhile, the positive (unfavorable) change in enthalpy
associated with encapsulation of the n-butyrate anion shows
that hydrophobic solvation is less effective inside the capsule
than it is in bulk solution.

As the structure grows, the thermodynamic signatures of
successive steps undergo a smooth reversal, leading finally to
an enthalpically driven late-growth phase close to completion
of the micelle-like aggregate. This important result was
independently confirmed by using isothermal titration calo-
rimetry (ITC, see Figure S7) to directly measure the heat
(molar change in enthalpy) associated with each step in
Figure 4a. The ITC data (Figure 4b) show that early steps in
the assembly are associated with unfavorable increases in
enthalpy. These gradually decrease with continued aggregate
formation until, in the final stages, individual growth steps
become exothermic. Despite the use of two entirely different
techniques (ITC data and van’t Hoff plots obtained from
variable-temperature '"H NMR spectra), analogous and quan-
titatively similar results were obtained.

The single-crystal X-ray structure of the crystalline
compound containing the of skeleton 1 with the (n-butyrate),,
assembly (Figure 2¢)"! is notable for the ca. 11 A diameter
hydrophobic cavity formed in the central part of the
capsule.'” To reach this final condition, water molecules in
the interior of the capsule must be incrementally displaced,
most likely during latter stages of the n-butyrate assembly.
Although the release of nano-confined water could contribute
to favorable enthalpy changes,’*! the formation of an
increasingly water-depleted hydrophobic region inside the
capsule sets the stage for dispersion forces to eventually
dominate the net-enthalpy changes associated with encapsu-
lations of n-butyrate ions (analogous to hydrophobic sub-
strates in dry protein binding sites"*?). This explains why,
after encapsulation of ca. 16 n-butyrate ions (see Figure 4),
further growth inside the capsule is dominated by favorable
(negative) enthalpy changes.

As the values for the stepwise changes in enthalpy
gradually shift from positive to negative (from endo- to
exothermic), the entropy changes (AS°) associated with each
step become less favorable. These eventually reach values
near zero as the entropic driving force for removal of n-
butyrate ions from bulk water is increasingly offset by
entropically unfavorable losses in configurational degrees of
freedom associated with completion of the rather compact
assembly of n-butyrate ions inside the capsule. These gradual
shifts in the entropy and enthalpy changes associated with
sequential steps lead to the reversal of their respective roles,
as shown in Figure 4. Remarkably, this transition occurs
smoothly, with the equilibrium constants and associated
Gibbs free energies for successive steps (Figures 3b and 4a)
providing no indication whatsoever of the underlying hand-
off between entirely different types of hydrophobic effects.

Finally, the (net) entropy and enthalpy changes per mole
of (n-butyrate),, formation (22 out of 24 n-butyrates®!) were
determined by integrating the areas under the plots in
Figure 4a. The overall assembly process is entropically
favorable (—TAS°,=ca. —112kcalmol™! at 295 K), with
a smaller unfavorable change in enthalpy (AH°, =ca.
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+ 81 kcalmol ™), giving a total Gibbs free energy (AG® )
of ca. —31 kcalmol . Although the overall process is entropi-
cally driven, this dominant thermodynamic signature masks
the important role of enthalpy as the formation of the micelle-
like structure approaches its completion. This demonstrates
how the final steps in formation, as well as in the self-repair, of
hydrophobically stabilized structural domains, such as those
in folded and aggregated proteins, and lipid-bilayer mem-
branes, can in fact be enthalpically driven, even if the overall
formation of these assemblies is due to favorable (net)
changes in entropy.

In conclusion, the unique experimental method intro-
duced herein provides an unprecedented step-by-step picture
of how diverse energetic influences, collectively termed
hydrophobic effects, act in a seamlessly concerted fashion to
drive a spontaneous progression from initial pairwise inter-
actions between amphiphillic molecules to formation of
a micelle-like aggregate with a water-depleted central
cavity. This versatile method promises new access to infor-
mation concerning intermediate stages of biologically related
and other important hydrophobic assembly processes, with
the option for extension based on the present capsule.
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